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Energy consumption and production can cause air pollution with global impact, such as CO2, 
and local/regional air pollutants, such as SO2, NOx and PM2.5, as a result of fuel combustion. 
Use of fossil fuels leads to global CO2 emissions and causes global warming effects, 
regardless place or height of pollutant release. Furthermore, combustion of all fuels, including 
biomass, results in emissions of the local/regional air pollutants. Impacts on human health are 
the most significant damage category of the air pollution in Europe today. This PhD study 
focuses on human health impacts of local/regional air pollution, caused by energy 
consumption and production. 
The costs of air pollution damages are usually external for single energy producers and 
consumers, and are not accounted for in their decision making. However, in energy planning, 
which includes a socio-economic perspective, air pollution-related external costs can be 
internalised, for instance, in energy system modelling. External costs of global warming and 
human health damage can be of comparable magnitude. However, in contrast to global CO2 
impacts, air pollution damage to human health depends on a number of factors, related to 
location of polluting source and height of pollutant release (i.e. the scale of an energy plant). 
These factors should be reflected in the internalisation of the health-related externalities. This 
PhD study discusses how location, emission height and other factors have an effect on human 
health impacts and related costs. It is suggested that a more comprehensive way is used to 
internalise health-related externalities in energy system modelling. It is proposed that 
geographical areas of energy plant locations, from which air pollution causes different health 
impacts and resulting external costs, are identified and included in an energy system 
optimisation model. The performed analysis of the Danish heat and power sector concludes 
that accounting for spatial variation of health damage costs in heat and power system 
optimisation model has an effect on the optimal technology mix and distribution of energy 
plants among different regions. A more comprehensive representation of health-related 
externalities results in lower ex-post external health damage costs.  
Furthermore, not only scale and location, but also type of energy technologies and their use is 
important. Woodstoves and fireplaces, which have low costs and are popular as secondary 
heating technologies in Denmark, can cause indoor and outdoor air pollution locally. Hence, 
consumers can be exposed to their own air pollution, which can cause damage to their health. 
Such damage costs should be internalised in consumer decision making. The PhD study 
demonstrates that, when health damage costs are included in the optimisation from house 
owner’s perspective, use of woodstoves decreases.  
Air pollution and related external costs of energy consumption and production can be reduced 
in several ways – by applying end of pipe technologies, switching to cleaner fuels and 
technologies, more remote location of energy plants and by reducing energy consumption. 
Considerable technical potential for energy demand reduction exists, particularly in buildings. 
In countries with cold climate, such as Denmark, energy demand for heating of buildings 
accounts for a significant share of the total energy consumption. Due to the long lifetime of 
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buildings, they are an important part of the future energy systems. However, energy system 
studies often treat energy consumption and energy savings in buildings exogenously. At the 
same time heat savings in buildings are usually examined separately from the rest of the 
energy system. This PhD study contributes to the development in energy system modelling, 
by including heat saving options – insulation of walls, roofs and floors, replacing of windows 
and installing ventilation system with heat recovery – in the Danish heat and power sector 
optimisation model Balmorel. Consequently, in the model, cost effective levels of heat 
savings can be identified and analysed in the context of the optimal heat and power system. 
The results of the PhD study indicate that location of buildings is an important factor for an 
overall optimal penetration of heat savings. District heating systems have limited 
geographical scope and different composition of building stock, which is connected to a 
district heating network. Thus, heat savings potential and cost-effective level of heat savings 
varies between different district heating systems. The socio-economic heat and power system 
analysis with Balmorel model shows also that more heat savings are cost-effective in 
buildings with individual heating technologies. Furthermore, the results of the study indicate 
that cost-effective heat savings lead only to a small reduction of health related externalities of 
the optimised future heat and power system. 
Heating of single-family houses, which are not connected to a district heating system, has 
been analysed from the private consumer perspective. The results show that more heat savings 
are beneficial with current heating technology mix, than when consumers invest in the least-
cost heating technology in the future. Possible rebound effect has been analysed, and 
theoretical increase in heat service demand, after carrying out heat savings, has been 
calculated. This shows that 85% of implemented heat savings would lead to reduction in heat 




Energiforbrug og produktion kan forårsage luftforurening med globale effekter som CO2, og 
lokal/regional luftforurening som SO2, NOx og PM2.5, som følge af afbrænding af brændsler. 
Udslip af CO2 stammer fra afbrænding af fossile brændsler og fører til global opvarmning, 
uafhængigt af placering eller højde af forureningskilde. Derudover fører afbrænding af alle 
brændsler, inklusiv biomasse, til lokal og regional luftforurening. Luftforurening med SO2, 
NOx og PM2.5 har signifikante negative effekter på menneskers helbred og velbefindende. 
Helbredseffekter på mennesker er i dag den mest signifikante skadesomkostning fra 
lokal/regional luftforurening i Europa. Denne PhD-afhandling fokuserer på helbredsrelaterede 
effekter af lokal/regional luftforurening fra energiforbrug og produktion.  
Luftforureningsrelaterede skadesomkostninger er for det meste eksterne for de enkelte 
energiproducenter og energiforbrugere og bliver derfor ikke medtaget i deres 
beslutningsprocesser. I energiplanlægning, som inkluderer et samfundsøkonomisk perspektiv, 
kan eksterne omkostninger af luftforurening inkluderes i f. eks. energisystem modellering. 
Eksterne samfundsøkonomiske omkostninger fra drivhuseffekt og helbredsrelaterede effekter 
kan være af samme størrelsesorden. I kontrast til CO2 relaterede effekter, så er luftforurenings 
negative effekter på menneskers helbred afhængige af flere faktorer, såsom geografisk 
placering og udledningshøjde. Disse faktorer bør reflekteres når helbredsrelaterede 
eksternaliteter inkluderes i energisystemanalyse og modeller. Dette PhD-studie diskuterer den 
indflydelse disse faktorer har på helbredsrelaterede effekter af luftforurening. Det anbefales at 
bruge en mere omfattende metode for at inkludere helbredsrelaterede omkostninger i 
energisystemmodeller. Det foreslås at identificere geografiske områder for placering af 
varme- og el-teknologier, hvorfra luftforurening forårsager forskellige skadesomkostninger, 
og inkludere disse områder i energisystemmodellerne. Beregninger med den danske varme- 
og el-optimeringsmodel Balmorel har vist, at optimal brug af teknologier og deres placering i 
forskellige regioner i modellen, er anderledes, når forskel i helbredsrelaterede omkostninger 
på grund af værkernes placering er inkluderet i modellen. Resultaterne viser at denne 
omfattende metode til at inkludere helbredsrelaterede omkostninger fører til lavere 
resulterende skadesomkostninger. 
Desuden er det ikke kun placering og størrelsen (og dermed luftforurenings udledningshøjde) 
af energiteknologien, men også dens type og brug, der kan være vigtig. Brændeovne og pejse 
har lave omkostninger og er populære som sekundære opvarmningskilder i Denmark. Disse 
sekundære opvarmningsteknologier kan forårsage luftforurening både indendørs og lokalt 
udendørs. På den måde bliver energiforbrugerne eksponeret for deres egen luftforurening og 
resulterende helbredsmæssige skadesomkostninger burde derfor være inkluderet i 
forbrugernes optimering og beslutningstagning. En analyse i PhD-afhandlingen viser, at når 
disse helbredsomkostninger inkluderes i en privatøkonomisk optimering, falder brugen af 
brændeovne. 
Luftforurening og relaterede eksterne skadesomkostninger fra energiforbrug og produktion 
kan reduceres på flere forskellige måder: ved brug af ’end of pipe’ teknologier, ved skift til 
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renere brændsler og teknologier, ved mere hensynsfuld placering af el- og varmeværker og 
ved reduktion af energiforbruget. Der eksisterer et betydeligt teknisk potentiale for reduktion 
af energiforbrug – især i bygninger. I Denmark og andre lande med koldt klima, går en 
betydelig del af det totale energiforbrug til opvarmning af bygninger. På grund af deres lange 
levetid, er bygninger en vigtig del af det fremtidige energisystem. Men energiforbrug og 
besparelser i bygninger håndteres eksogent i de fleste energisystemanalyser. Samtidig bliver 
varmebesparelser i bygninger ofte analyseret isoleret fra resten af energisystemet. Denne 
PhD-afhandling bidrager med at udvide energisystemmodelleringen til at inkludere 
muligheder for investering i varmebesparelser i bygninger, såsom isolering af vægge, loft og 
gulve, udskiftning af vinduer og installation af ventilationssystem med varmegenvinding. 
Dette er implementeret i den danske varme- og el-optimeringsmodel Balmorel. På denne 
måde kan et rentabelt niveau af varmebesparelser identificeres og analyseres i konteksten af 
det optimale el- og varmesystem. Resultater viser at geografisk placering af bygninger også er 
en vigtig faktor. Adskillige fjernvarmesystemer har en begrænset geografisk udbredelse og en 
varierende sammensætning af bygninger, som er tilsluttet fjernvarmenettet. Derfor varierer 
både varmebesparelsespotentiale og rentabelt niveau af varmebesparelser i forskellige 
fjernvarmeområder. Den samfundsøkonomiske analyse af det danske el- og varme system 
med Balmorel model viser også, at varmebesparelser er mere rentable i bygninger med 
individuel opvarmning.  Resultater indikerer desuden at rentable varmebesparelser kun har en 
begrænset effekt på reduktion af helbredsrelaterede eksterne omkostninger fra det optimale 
fremtidig varme- og el-system. 
PhD-afhandling inkluderer en privatøkonomisk analyse af enfamiliehuse med individuel 
opvarmning. Resultaterne viser at varmebesparelser er mere rentable med den nuværende 
sammensætning af de individuelle opvarmningsteknologier end når forbrugere investerer i 
den billigste varmeproduktionsteknologi i fremtiden. En mulig teoretisk stigning i 
varmeserviceefterspørgsel efter at varmebesparelser er implementeret (rebound effect), er 
også blevet beregnet. Her konkluderes det, at 85 % af implementerede varmebesparelser fører 
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Energy consumption can cause air pollution and affect the environment and human health. The 
final energy in the form of different energy carriers – e.g. electricity, district heating water or fuel 
– is used to cover demand for a number of energy services – thermal indoor comfort, lighting, 
transportation etc. The final energy consumption can cause air pollution and related impacts 
directly, by fuel combustion in, for example, vehicles or woodstoves; or indirectly by consuming 
heat or electricity, produced centrally in plants,  based on fuel combustion, and subsequently 
distributed among consumers.  
Fossil fuel combustion causes emissions of both, global (CO2) and local/regional (SO2, NOx, 
PM2.5) air pollutants. Burning biomass is assumed to be carbon neutral, while release of 
local/regional air pollutants can be considerable. Several possibilities exist for reducing/avoiding 
air pollution and related impacts: 
• Reducing demand for energy services by changing lifestyles 
• Improving energy end-use efficiency (e.g. energy performance of buildings) 
• Shifting to cleaner (pollution-free) fuels and technologies (including end of pipe 
technologies) 
Implementation of these measures depends on their potentials, related costs and barriers as well 
as energy planning decisions and policy measures. In energy system analysis and planning, 
modelling tools are often used for decision support. Such tools are, for example, optimisation or 
simulation models for investments and operation of energy systems. When modelling and 
optimising future energy system investment pathways, the demand side is equally important as 
the supply side, and significant potentials for more efficient use of energy exist. Nevertheless, the 
demand side is often treated exogenously in the models. Projections regarding future energy 
consumption are made, where energy service demands and end-use efficiencies are forecasted. At 
the same time different energy saving measures are often analysed separately and compared with 
energy supply costs, not accounting for the complexity of energy systems. Energy system 
modelling, which accounts for the energy system interaction when analysing energy savings can 
improve understanding of linkages and suggest policy changes that facilitate implementation of 
the best mix of savings and energy technologies. 
Environmental externalities of energy generation in different technologies and using different 
fuels are today internalised in the most of energy models. Global CO2 emissions and related 
external costs are accounted for in the majority of the energy system studies. However, local 
externalities of air pollution by SO2, NOx and PM2.5, which are dominated by damage to human 
health, are only included in studies, which specifically analyse local and regional air pollution. 
Air pollution impacts on human health and the environment are in detail analysed in integrated 
atmospheric pollution and economic valuation models, which assess the consequences of certain 
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energy generation mix, but do not analyse energy systems as such. 
The distinctive feature of this PhD thesis is the focus on air pollution-related effects on human 
health and related costs, caused by energy consumption and production, and cost-effectiveness as 
well as expected benefits from energy efficiency improvements. The study also looks into 
different energy technologies while focusing on impacts on human health due to emissions of 
different types of local/regional pollutants. Energy consumptions has either a direct effect on the 
human health (e.g. by pollution from individual biomass boilers or woodstoves) or an indirect 
effect (for instance through consumption of district heating or electricity, produced in a polluting 
energy plant). The objective is to identify the relations between energy consumption and negative 
effects on human health and to associate energy efficiency measures (heat savings in buildings) 
with the benefits – reduced costs related to effects on human health. A heat and power system 
optimisation model is used in the thesis in order to explore the effects of including human health-
related externalities and heat saving measures into energy system models. 
Two different approaches exist in energy modelling – bottom-up and top-down.  Conventional 
bottom-up models describe energy technologies in detail while often lacking to represent 
microeconomic decision-making by consumers when choosing technology and to include 
potential macroeconomic equilibrium feedbacks. While top-down modelling methodology 
includes mostly macroeconomic aspects and in that way links energy sector with the wider 
economy, it usually has a simplified technology representation. There has also been developed 
several models that combine these two approaches – so called hybrid energy-economy models. 
This PhD thesis contributes to development of the techno-economic bottom-up models of the 
heat and power sector. The Balmorel model is chosen as the starting point and developed – by 
modelling heat saving investment options, resulting in efficiency improvements, and by including 
location-specific human health benefits of reduced air pollution in the optimisation. Furthermore 
the individual residential heating sector is analysed in order to analyse optimal consumer 
decisions regarding energy efficiency improvements and investments in heating technologies 
from a private-economic point of view. Additionally, some air pollution-related human health 
damage costs can be considered internal for private consumers. An optimisation model for 
private investment decisions in primary and secondary heating technologies as well as in a range 
of specific heat savings options has been built for that purpose.  
This PhD thesis is a part of the research carried out by the Centre for Energy, Environment and 
Health (www.ceeh.dk). The objective of the centre is to establish an interdisciplinary-based 
system for future planning of energy consumption, production and supply with respect to external 
costs, related to effects on environment and human health. The work carried out in this PhD study 
contributes to the centre by model-development within energy savings in heating sector.    
1.1 Thesis boundaries 
The thesis focuses on demand reductions in heating sector – namely heat saving measures in 
buildings. Heat savings are interesting because they are often characterised by long lifetimes and 
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have effect on both, the required energy supply and thus energy generation in central, district 
heating, plants, and can reduce on-site heat generation in buildings. Hence, heat savings can 
reduce air pollution from large-scale energy plants and residential fuel combustion. Clearly, cost-
effective electricity conservation measures also exist and are relevant for reducing negative 
impacts of energy consumption. The effects of not including electricity savings are discussed in 
Paper II in the thesis. 
While methodological considerations in the thesis are useful, regardless geographical scope, 
model implementation and analyses are performed with focus on Denmark. Analysing the heat 
savings and health externalities within the Danish heat and power system, is interesting because 
energy demand for heating is considerable due to cold climate and a significant share of the 
energy production is based on fuel combustion. Furthermore, Denmark has a large penetration of 
combined heat and power plants in the energy system, which means that heat and electricity 
sectors are highly interrelated. Moreover, good data sources for modelling of the heating sector, 
including heat savings in buildings, exist for Denmark. For example, comprehensive Building 
Register Database includes information on age and type of buildings, their construction elements 
and heating systems, this enables detailed modelling.  
In this thesis, the optimisation method is used in the modelling of the Danish heat and power 
system. Optimisation models result in optimal investments and operation of energy systems 
under given assumptions. Such method is useful when cost effectiveness of different options 
(such as heat savings or heat generation technologies) are analysed in the context of the whole 
system.  
The focus in the PhD study is on the consumption and production of energy, and issues, related to 
the collective energy supply infrastructure (electrical grid or district heating pipe network) have 
not been analysed. 
1.2 Research goals 
This thesis analyses local/regional air pollution from energy generation and related damage to 
human health and resulting external costs. Internalisation of these externalities in energy planning 
is important for reducing negative impacts of energy consumption. Energy demand reduction is 
also an important element in energy planning. Therefore, cost-effectiveness of heat saving 
measures is evaluated in this study, also as a measure to reduce air pollution and related 
externalities.  
The following research goals have been addressed throughout the PhD work: 
a) To clarify the relations between energy consumption and production and human health 
damage-related externalities of air pollution for a more comprehensive internalisation of 
externalities in energy system models. 
b) To contribute to the development of a heat and power optimisation model by including 
option for investments into heat saving measures; and to assess cost-effectiveness of heat 
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savings and their contribution to the reduction of human health-related external costs of 
energy consumption and production. 
c) To analyse preconditions for consumer choice of heat savings and individual heating 
technologies in buildings with no district heating supply. 
1.3 Outline of the thesis 
This PhD thesis consists of two main parts – literature review and methodology discussions, and 
analyses, performed and presented in four papers. 
The next two sections (Section 2 and Section 3) include introduction to the two research topics – 
health-related externalities of energy consumption and production, and heat savings in buildings. 
Section 2 discusses important factors of energy generation, air pollution and resulting human 
health damage-related externalities. It includes literature review of different energy system 
studies and discusses methodology of internalising health externalities. In Section 3 different 
aspects of heat consumption in buildings, and collective and individual heat generation are 
described. Furthermore, through literature review of different studies, which analyse heat savings, 
methods for assessment of heat saving measures and their cost-effectiveness are discussed. 
Section 4 includes the papers, which are a part of this thesis. Full papers are included in the thesis 
and Section 4 can be regarded as analysis section. The list of other publications, written during 
the PhD study period can be found in Appendix A. 
The documentation for the calculations of heat savings potentials and costs, and modelling of 
heat savings in the Danish heat and power system model Balmorel (the final version) is included 
in Section 5. Finally, conclusions and summary of implemented research goals in the PhD study, 














2. Energy and Externalities  
Energy is a key factor for economic and social development. However, the energy sector can also 
cause negative impacts on the environment and society. Such negative impacts are, for instance, 
global warming due to CO2 emissions, from combustion of fossil fuels; and damage to human 
health, crops and buildings as well ecosystems due to emissions of local and regional pollutants 
such as SO2, NOx and particles (PM2.5, PM10) from combustion of both, fossil fuels and biomass.  
The monetary values of the negative impacts are regarded as external costs, as they are only 
partially or not at all accounted for in energy production costs and market prices, but, instead, are 
imposed on society. This leads to a market failure where consumers’ and producers’ individual 
optimisation may not lead to a result which is also optimal for the society as a whole. Thus, it is 
the task of public environmental regulations to, for instance, efficiently impose taxes on 
producers and consumers, which reflect external costs of the impacts, caused by an energy sector. 
In order to design efficient environmental regulations, costs and benefits of environmental impact 
abatement need to be known. For this purpose the magnitude of different impact categories by a 
variety of energy technologies and systems as well as their monetary value have to be assessed. 
For example, according to Andersen et al. (2008), comprehensive air pollution and impact 
modelling is needed to calculate the negative impacts from polluting energy generation. Avoiding 
these impacts can be regarded as benefits of choosing e.g. renewable energy technologies without 
air pollution. The benefits can then, for instance, justify subsidies given to wind power or other 
non-polluting technologies*. By the means of cost-benefit analysis Bollen et al. (2009) evaluate 
the advantages of combining global and local air pollution controlling policies. They use the 
climate change model MERGE and extend it to include emissions and health effects of 
particulate matter, in order to demonstrate interaction between internalising global CO2 and local 
PM2.5 negative effects and related external costs. Results of the study by Bollen et al. (2009) 
show, that a combination of policies, designed to internalise global and local negative effects, 
generate more benefits than each policy separately. Banzhaf et al. (2004) analyse costs and 
benefits of different air pollution abatement levels for the electricity sector in USA and evaluate 
the proposed environmental policies. They find efficient emission fees for SO2 and NOx and the 
resulting yearly emissions of the pollutants. Banzhaf et al. (2004) conclude that emission 
reduction policies, proposed by the US administration, are in line with what their research 
suggests. The scope of environmental policies is often national, regional or even global. Banzhaf 
et al. (2004) and Bollen et al. (2009) analyse environmental regulation possibilities in national 
and global energy systems respectively. Such studies require energy system analysis tools, which 
can facilitate calculation of abatement costs and compare them to the endogenously or 
exogenously calculated benefits. For instance, Banzhaf et al. (2004) use an electricity market 
model, which yields abatement costs and emissions, and atmospheric transport and 
environmental effect valuation model, which calculates benefits of pollution reduction. 
Furthermore, for optimal decision making in energy planning, the models used should include 
                                                 
*if given to all the non-polluting technologies 
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full costs of energy – i.e. not only internal costs (e.g. operation and maintenance, investment and 
fuel costs) but also external costs (Linares et al., 2006).  
The most significant damage categories of energy consumption and generation are environmental 
impacts, global warming impacts and accidents (Bieckel and Friedrich, 2005). Environmental 
impacts are caused due to the release of energy (such as noise, radiation or heat) or material (e.g. 
air pollutants) to the environment and can be considered local or regional, depending on the 
distance between the source of pollution and the impact event. Environmental impacts include 
human mortality and morbidity, damage to buildings and agricultural crops, forest decline due to 
acid rain, harmful effects on aquatic life due to acidification of rivers and lakes and other damage 
of ecosystems, due to air or water pollution (Rabl and Spadaro, 2000). Furthermore, land use for 
mining or hazardous waste disposal can have damaging effects for ecosystems.  
Global warming impacts are caused due to emissions of greenhouse gasses (CO2, CH4, N2O etc.) 
into the atmosphere and have a global impact regardless location of an emitting source. The 
impacts of global warming are more long-term (significant for the next century or two) and far-
reaching (global) than the impacts of e.g. regional or local air pollution (Bieckel and Friedrich, 
2005). As the result of greenhouse gas emissions the climate on Earth is changing leading to, for 
instance, more rainfall and consequent flooding in some places and lack of rainfall and droughts 
in other places. Warmer air and oceans may result in more intense storms and higher 
temperatures are likely to cause ice melting in e.g. Antarctica and Greenland, which might lead to 
rising sea levels (Stern, 2006). 
Accidents are rare, unwanted events, which can happen with a certain probability. Some accidents 
have low or moderate damages and rather high probability while others have high impact with 
low probability. The latter is considered to be more problematic than the former (Bieckel and 
Friedrich, 2005). Examples of accidents are oil spills during oil extraction or accidents in nuclear 
power plants, which cause large local and regional disturbances. 
It is evident that damage to the environment is caused not only during the energy generation 
process in e.g. fossil fuel-based power plant which can be called core activity. Energy production 
causes external impacts throughout the whole life cycle of an energy technology and through the 
whole fuel chain – including upstream and downstream processes. Impacts of upstream activities 
include air and water pollution as well as land use and possible accidents from fuel extraction and 
mining, air pollution from fuel transportation as well as emissions from power plant construction 
and production of materials (Rabl and Spadaro, 2000). Examples of downstream impacts are 
those related to waste – land use, possible leaks and ground water pollution, or leaks from 
radioactive waste disposals. Whether to include damage costs of all life cycle stages of an energy 
technology depends on the type of analysis. When looking for an optimal abatement level for e.g. 
power generation technologies, estimation of damages due to core activity are sufficient; when 
comparing two different technologies, it is beneficial to include all impacts during the life cycle 
of each technology, including fuel supply and waste treatment (Rabl and Holland, 2008).    
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In their example of damage costs, related to waste incineration, Rabl and Holland (2008) consider 
construction of an incinerator and transport of waste to be low priority impacts. In fact, with 
reference to the LCA studies within ExternE project, they assume that air pollution due to 
construction of any base load combustion plant is significantly lower when compared to 
emissions during plant operation. According to Rabl and Spadaro (2006), in case of fossil fuel-
based generation, the impacts, related to the core activity (energy generation), are dominating 
when considering the whole fuel chain (including fuel extraction, transport etc.). The largest 
impacts here are global warming and damage to human health due to global and local/regional air 
pollution (Rabl and Spadaro, 2000). At the same time, in the study of district heating plants, 
based on fossil fuel and biomass, by Fahlen and Ahlgren (2012), the external costs of upstream 
fuel processes, which include fuel extraction, refining and transportation, seem to be non-
negligible. However, total external costs are still dominated by the damage costs of the core 
activities of heat and power production. Biomass-based energy production can also impose 
notable health impacts due to air pollution (Rabl and Spadaro, 2000). Air pollution and negative 
impacts from fuel production and transportation are evident, however somewhat smaller than 
those, related to the energy production stage (Rabl and Spadaro, 2000). 
For renewable energy plants, which do not use fuel for energy production and do not emit 
pollutants, such as wind, hydro, PV technologies, the negative impacts during energy generation 
seem to be small. The impacts include, for example, noise from wind turbines and ecological 
effects from hydropower. The effects on the environment are very site dependant (e.g. depend on 
population density) for wind and hydro. Negative effects from other stages, e.g. due to air 
pollution generated by plant construction, are dominating the total external life cycle costs for 
such type of technologies and are highest for photovoltaic and solar thermal technologies (Rabl 
and Spadaro, 2000). Nevertheless, the monetary value of total impacts from all stages, of these 
renewable energy technologies (without pollution) is smaller when compared to fossil fuel 
technologies (Rabl and Spadaro, 2006, Zhang et al., 2007, Linares et al., 2006).  
Air pollution of energy production activity today mainly causes negative impacts, such as global 
warming and human health effects. Other impacts of air pollution – damage to buildings and 
crops – contribute by only a smaller share to the total external costs (Krewitt, 1999, Fahlen and 
Ahlgren, 2010). Impacts on ecosystems are uncertain and lack information (Rabl and Spadaro, 
2000). Operation of technologies with no pollution can cause externalities such as noise of wind 
power plants; however the monetary values of such impacts are fairly small according to Rabl 
and Spadaro (2000).  
The next section includes an overview of the classical local/regional air pollutants from energy 
production in central plants and small individual technologies and the related health effects. 
2.1 Air pollution from heat and power sector and impacts on human health 
Combustion of fuels for energy production (and subsequent emissions of pollutants) is an 
important contributor to increased air pollution concentrations and damages to human health. The 
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classical air pollutants in energy sector are sulphur dioxide (SO2), nitrogen oxides (NOx) and 
particles (PM10, PM2.5) as well as greenhouse gasses. However, CO2 and its equivalents are 
presumed not to have direct impact on human health and are not discussed in this section.  
The overall emissions of especially sulphur dioxide and nitrogen oxides have decreased 
significantly since their peak in the seventies-eighties as the result of international agreements, 
such as The Gothenburg Protocol and The EU directive on national emissions (Fenger, 2009). 
However, the remaining pollution cannot be ignored – it still causes negative effects on human 
health. When it comes to the pollution level, harmful to human health, no-effect threshold has not 
yet been observed by the performed epidemiological studies (Rabl and Spadaro, 2006). In 
Denmark around 3000-4000 people die prematurely every year due to current air pollution levels, 
resulting from transport, energy, industry, agriculture etc. emissions (Brandt et al., 2011). Clearly 
these pollution levels are also the result of emissions in other countries, just like emissions from 
the sources in Denmark are causing increased pollution concentrations in e.g. Germany and 
Sweden. Among all the Danish emission sectors, contributing to health damage-related external 
costs in Denmark, central and individual heat and power generation is accountable for 22 % 
(Brandt et al., 2011). When considering external health costs also in countries outside Denmark, 
caused by the Danish pollution sources, contribution of the Danish heat and power sector is just 
under one fifth of the total health externality. The damage share of large power plants increases 
when also other countries are considered, showing a larger regional impact. For domestic heating 
the contribution decreases – these emissions have a higher local negative impact on human 
health.  
Emissions of sulphur dioxide from electricity and heat production are mainly released due to 
combustion of fossil fuels with high sulphur content such as coal and oil. In Denmark, heat and 
power generation in large scale central and small residential units contribute to 42 % of the 
national SO2 emissions (see Figure 1), where pollution from central plants is dominating (32 % of 
total emissions). Air pollution with NOx depends on a combustion technology and to some extent 
on fuel. In general the largest share of nitrogen oxide emissions are caused by transport. Heat and 
power generation contributes to around 20 % of the pollution in Denmark. Emissions of fine 
particles are in Denmark dominated by domestic wood combustion in boilers and woodstoves, 
and have been increasing during the last decade. Together with a marginal contribution from 
central heat and power plants, energy production accounted for 73 % of the Danish PM2.5 
emissions in 2009 (Nielsen et al., 2011). Residential wood combustion is also the prime source of 
particle pollution in other Nordic countries – Norway, Sweden and Finland.  
Released air pollutants are causing negative impacts at different distances from a source. Particles 
cause impact more locally (within around 50X50 km area), NOx can cause increased pollution 
levels further away from the source, whereas SO2 emissions can cause damage both locally and 
regionally (Andersen et al., 2008). The large PM2.5 emissions by residential combustion can 
explain the more local impact of this sector. 
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The three classical air pollutants cause a number of negative health effects primarily when 
breathed in as primary or secondary particles. In the atmosphere, emitted SO2 and NOx form 
sulphates (SO42-) and nitrates (NO3-), which are secondary particles, while PM2.5 constitutes 
primary particles. According to Brandt et al. (2011) neither primary nor secondary particulates 
are inhaled in their pure form, but rather a mixture of particles, which have been reacting and 
mixing with other substances, is breathed in. At the same time some studies suggest that primary 
particles (PM2.5) cause higher health risks than secondary particles, while others assume that all 
primary and secondary particles are equally harmful (Brandt et al., 2011, Rabl and Holland, 
2008). Other human health effects are due to ozone (O3) formation from NOx and direct impacts 
of SO2 emissions. The direct health impact of NOx has less evidence. 
 
Figure 1 Contribution of heat and power generation to 
the Danish emissions of SO2, NOx and PM2.5 in 2009 
 
When quantifying health damage, the so-called exposure-response functions (ERFs), which 
define the impact rate at increased pollution concentrations, have to be known. For many 
pollutants ERFs are very uncertain or not known at all. Nonetheless, for classical air pollutants 
the functions have been defined. They are assumed to be linear and without threshold – meaning 
that even at low pollution concentrations health damage is not zero (Rabl and Holland, 2008). 
However, the exposure-response functions are still related to considerable uncertainty. 
Impacts to human health, caused by the primary and secondary particle mixture, are related to 
respiratory and cardiovascular health problems such as cough, lower respiratory symptoms, 
bronchodilator use, chronic bronchitis, lung cancer, congestive heart failure etc. The health 
effects also include mortality – mainly chronic mortality – which dominates health damage costs 
of air pollution (Rabl and Spadaro, 2000, Bieckel and Friedrich, 2005). Both SO2 and ozone can 
cause acute mortality (Brandt et al., 2011), however, the contribution to the total health costs 
seems to be small (Andersen et al., 2008). The costs of the negative impacts are valued by 
summing market and non-market costs of the mentioned impacts. Non-market costs are 
determined as willingness to pay to avoid the suffering or the risk of premature death and 












Central heat and power plants
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2.2 Internalising local/regional externalities – literature review 
Human health impacts dominate the local and regional environmental impacts of air pollution. At 
the same time, the external costs of health damage and global warming externalities of energy 
generation technologies, used today, are of comparable magnitude. Clearly, they depend on the 
assumptions in monetary valuation of the damages (Rabl and Spadaro, 2006). The majority of 
energy studies today consider global CO2 emissions and related damage costs, however, only 
studies, which explicitly analyse local and regional air pollution from energy sector, include 
health-related and other local/regional externalities into the total energy production/consumption 
costs. Bollen et al. (2009), through a global long-term cost-benefit analysis of local air pollution 
and global climate change mitigation, demonstrate that, when discounted, the benefits of local air 
pollution reduction are of the same magnitude or outweigh the benefits of reducing global 
warming impacts. The reason is that local and regional air pollution reductions bring short-term 
benefits, while the benefits of global climate change mitigation occur on a considerably longer-
term. They suggest combining local and global air pollution control in order to utilise the 
ancillary benefits of each of these policies. Nonetheless, it seems that, despite considerable 
complexity and uncertainty in calculating and discounting damage costs, it is more 
straightforward to include global warming impacts in different energy studies than local or 
regional environmental impacts. This may possibly be due to the difference in nature of global 
and local pollutants. For global pollutants, impacts and related external costs do not depend on 
the location of the release as greenhouse gases stay in the atmosphere long enough to be globally 
dispersed. Thus, the same damage cost can be used in local, national, regional and global energy 
studies. However, the relation between release of local and regional pollutants and impacts on 
e.g. human health depends on several factors, such as location, weather conditions (e.g. wind and 
precipitation), background pollution concentrations and population density as well as height of 
pollutant release. These aspects make internalisation of health externalities in energy studies 
more challenging, and, ideally, a comprehensive atmospheric dispersion modelling is needed 
along with e.g. energy system analysis. This section includes the literature review of studies, 
which consider local and regional air pollution, and related impacts of energy technologies and 
systems.  
The majority of the reviewed studies (see Table 1) recognize the considerable uncertainty related 
to the estimation of environmental impacts and external costs: when modelling transportation and 
chemical transformation of pollutants, quantifying damages, and in methodology of monetary 
valuation of the impacts. Nevertheless, they agree that the uncertainty is not justification enough 
for not internalising local and regional external environmental costs into energy technology and 
system analysis. According to Rabl and Holland (2008) even if an uncertainty is brought into a 
study, due to internalisation of external costs, such analysis is better, than an ‘infinite uncertainty’ 
in the case of not considering external impacts in decision making. The additional social cost due 
to use of uncertain external costs can amount to only 10-20 %, compared to minimal social costs 
with a perfect knowledge of the external costs (even if the damage cost error is threefold). Rabl 
and Holland (2008) also state that additional costs in the absence of internalisation (or 
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knowledge) of externalities could be very large. The results of the global energy system 
modelling by Rafaj and Kypreos (2007) show that additional social costs, when externalities are 
disregarded, can be significantly higher than the increase in energy system costs when 
externalities are internalised – due to implemented changes for pollution reduction. 
Internalisation of local and regional externalities can lead to, for instance, different composition 
of the energy system and new ideas for energy and environmental policies. Some studies have 
uncovered new aspects of environmental regulation, such as benefits of combining global climate 
change and local air pollution controlling policies (Bollen et al., 2009), and co-benefits of 
internalising local externalities in terms of reduced global warming impacts (Rafaj and Kypreos, 
2007). Others re-assessed cost effectiveness of some energy technologies. For instance, Gulli 
(2006) has concluded that even though natural gas-based distributed generation in Italy results in 
fuel savings and reduction in greenhouse gas emissions, increased damage costs due to high NOx 
emissions outweigh the achieved benefits.  
The reviewed energy technology and system studies, which have considered local and regional 
air pollution-related damages, including human health impacts, are gathered in Table 1. 
Table 1 The literature review of internalising local and regional air pollution-related external costs 
Type of study External cost of life cycle of energy 
technologies 
External cost of the core process 
– energy production 
Energy technology/sector 
assessment 
Rabl and Spadaro (2000) 
Rabl and Spadaro (2006) 
Roth and Ambs (2004) 
Gulli (2006) 
Krewitt et al. (1999) 
 Czarnowska and Frangopoulos (2012) 
 Andersen et al. (2008) 
Energy system modelling Fahlen and Ahlgren (2010) 
Fahlen and Ahlgren (2012) 
Linares et al. (2006) 
 Klaassen and Riahi (2007) 
 Rafaj and Kypreos (2007) 
 Nguyen (2008) 
 Zhang et al.(2007) 
 Carlson (2002a) 
 Carlson (2002b) 
 Carlson (2003) 
 Gebremedhin and Carlson (2002) 
 Bollen et al. (2009) 
 Kudelko (2006) 
 Holmgren and Amiri (2007) 
 
Some studies analyse external costs of different energy technologies or sectors (Table 1), and 
other include the damage costs when modelling a global, regional or local energy system (or a 
part of it).  Rabl and Spadaro (2000 and 2006) present the main aspects of the methodology for 
assessment of damage costs of different energy (primarily electricity) technologies and present 
some results for different technologies. They calculate and discuss externalities not only caused 
by plant operation but also during upstream and downstream processes of energy generation. This 
allows comparing environmental performance of different technologies throughout their lifetime. 
Due to the dominance of air pollution-related health costs and global warming impacts, fossil fuel 
(particularly coal) technologies cause considerable external costs, while environmental costs of 
renewable energy technologies are significantly lower. Similar results have also been achieved by 
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Roth and Ambs (2004). However, the external costs of LAP (local and regional air pollution) of 
energy technologies depend on the location of a plant and the results of a specific plant are most 
probably not representative enough for generalisation and use in an evaluation of environmental 
performance of a whole energy sector, nor for designing environmental regulation measures. 
Krewitt et al. (1999) discuss marginal external costs of electricity generation in a single power 
plant and average environmental impact costs of the whole power sector. They use an integrated 
assessment model EcoSense for calculating the LAP-related average externalities of electricity 
generation in Germany and the EU. The results show that there is a difference in LAP-related 
damage costs not only between a specific plant and the whole sector but also between electricity 
sectors in different regions in Germany and between Germany and the EU. These differences are 
due to the location of different power plants and population distribution, as well as emissions 
from other sources, which have influence on the chemical transformation of the pollutants. 
Hence, it brings challenges for internalisation of LAP-related externalities in national or 
international energy system analysis and energy and environmental regulations, since, ideally, 
damage costs for different geographical areas, within which damage costs are the same, have to 
be used. The difference in external costs of LAP from energy plants at different locations has also 
been analysed in Czarnowska and Frangopoulos (2012) and Andersen et al. (2008). Czarnowska 
and Frangopoulos (2012) demonstrate the importance of other emission sources for marginal 
damages of air pollution by a coal power plant, located at different sites in Poland and Europe. 
Andersen et al. (2008) also discuss atmospheric dispersion modelling methodology by comparing 
a more simplified EcoSense model with the model EVA (Economic Valuation of Air pollution), 
developed at the National Environmental Research Institute (NERI) in Denmark. Among others, 
they bring attention to the difference in the distance from a pollution source, at which the impact 
on increased pollution concentrations is still significant. In EcoSense modelling this distance is 
significantly larger than in EVA modelling, which has an influence on the spatial dependency of 
air pollution externalities. Gulli (2006) assesses costs and benefits of natural gas-based small-
scale distributed generation in Italy by comparing with centralised power and heat production. 
The environmental performance of technologies is evaluated at two locations – more populated 
Milano in North Italy, close to the rest of Europe, where pollution damage costs are higher and 
more rural and distant Palermo in South Italy, where population exposure and subsequent 
externalities are relatively low.  
The relation between the emissions of local/regional pollutants and the resulting damage costs are 
assumed to be linear and without threshold in the reviewed energy system studies. This 
assumption is valid with small changes in air pollution from energy sector (Krewitt et al., 1999). 
Here small is in relation to the existing local and regional background air pollution. In case of 
large changes in emissions the composition of the pollution mix would be affected and might 
lead to non-linearities in atmospheric chemistry, which determines resulting air pollution 
concentrations. Non-linearities in exposure-response functions are also possible, if e.g. emission 
levels decrease considerably. In most of the industrialised countries, current pollution 
concentrations are above the level at which effects are known to take place. However, the shapes 
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of dose-response functions, significantly below that level, are still uncertain (Bieckel and 
Friedrich, 2005).  
The following conclusions can be drawn from the review of the studies of different energy 
technologies: 
• Fossil fuel technologies cause significant global warming and human health effects, while 
some renewable energy technologies have no pollution-related externalities, and upstream 
processes seem to cause low impacts (with exception of solar technology). Exception is 
biomass-based technologies, which cause health-related external costs when operating, 
and the upstream externalities related to fuel supply might be not negligible; 
• The LAP-related external costs of energy plants depend on plant location, mainly due to: 
weather conditions, population density and pollution from other sources; 
• There can be a significant difference between marginal LAP damage costs of a specific 
plant and an average external cost of the whole sector – a challenge for internalisation of 
these costs.  
According to Linares et al. (2006) the most efficient way to account for externalities in energy 
planning is to include them as parameters alongside with fuel and technology costs in the 
investment and operation models. The majority of the reviewed energy system studies use 
optimisation models for energy system operation and investment planning. The internalisation of 
local and regional externalities in energy system optimisation models shows that energy systems 
are flexible to reduce the damage costs due to air pollution at moderate expenses or modest 
decrease in GDP (Klaassen and Riahi, 2007, Rafaj and Kypreos, 2007, Nguyen, 2008). For 
example, results in Kudelko (2006) show that social welfare, which is calculated as a sum of 
consumers’ and producers’ surplus, minus external costs, increases when externalities are 
internalised in the partial equilibrium model of the Polish heat and power sector. Besides 
advanced energy plants with end of pipe emission abatement technologies, renewable energy 
generation becomes cost-effective and replaces fossil fuel-based production (particularly in coal-
based plants), when LAP-related externalities are included in global and national energy sector 
optimisation models (Klaassen and Riahi, 2007, Rafaj and Kypreos, 2007, Linares et al., 2006, 
Kudelko, 2006, Nguyen, 2008). The optimal energy generation technology mix when LAP 
externalities are internalised also lead to decreased emissions of greenhouse gasses (Klaassen and 
Riahi, 2007, Rafaj and Kypreos, 2007, Linares et al., 2006, Kudelko). On the other hand, when 
Bollen et al. (2009) internalise only health costs, related to the release of fine particles (PM2.5), 
into a global welfare optimisation by an energy-economy-environment model (MERGE), mostly 
end of pipe technologies are installed for reduction of the emissions, and coal is replaced by oil. 
As a result, reduction of CO2 emissions is negligible. Nonetheless, when CO2 reduction measures 
are implemented, achieved co-benefits in terms of reduced PM2.5 emissions, increase cost-
effectiveness of these measures.  
Zhang et al. (2007) and Fahlen and Ahlgren (2010 and 2012) analyse externalities of energy 
generation by using simulation models.  Zhang et al. (2007) assess external costs of different 
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scenarios of the Chinese electricity sector and conclude that there are large potentials for 
reduction of air pollution damage costs by adopting energy efficiency and environmental 
abatement policy initiatives. Fahlen and Ahlgren (2010 and 2012) use a simulation model for 
inclusion of global and local/regional externalities in the ranking of different existing generation 
technologies in a regional district heating system in Sweden. Fahlen and Ahlgren (2010) compare 
environmental externalities with the existing environmental policy measures. They conclude that 
the existing policies in Sweden do not necessarily reflect environmental externalities – some 
technologies (biomass) are subjects to lower taxes, while fossil fuel technologies have a higher 
tax burden than suggested by external costs. The simulation results show that internalisation of 
environmental externalities instead of existing taxes change the ranking of generation 
technologies. Both studies by Fahlen and Ahlgren (2010 and 2012) include more pollutants, 
impact categories and life cycle processes than most of the other reviewed studies. In Fahlen and 
Ahlgren (2012) they conclude though that less comprehensive accounting (only including CO2, 
SO2 and NOx emissions) for external costs may be sufficient. They emphasise the importance of 
including local and regional pollutants along with greenhouse gasses. Justification for not 
including external costs due to emissions from the extraction, refining and distribution processes 
of different fuels is not entirely clear and depends on fuel type, origin and transportation mode 
(e.g. railway or shipping). The origin of fuels might be important when only national emissions 
are considered. In this case it would be necessary to distinguish between the fuels, which are 
extracted or produced in a country (e.g. biomass) and the imported energy resources, for instance, 
oil. Additionally, the external environmental costs of upstream processes also depend on the 
location. In Fahlen and Ahlgren (2012), the adjustment of damage costs to site-specific 
externalities, by accounting for higher local population density, seemed not to have an impact on 
the ranking of the dispatch of different production units, in a single Swedish district heating 
system. On the other hand, the location-specific benefits of SO2 emission abatement introduce 
some challenges for cost-benefit analysis of the environmental regulation in the US electricity 
sector (Banzhaf et al., 2004). At different tax levels different plants at different geographical 
locations are marginal and, while marginal abatement costs increase gradually, the marginal 
benefits are erratic, since they depend on the location of a particular plant and the affected 
population density.  
Some energy models are coupled to air pollution and exposure models at different simplification 
levels (Banzhaf et al., 2004, Linares et al., 2006) or using integrated assessment models (Bollen 
et al., 2009), while others use exogenous external cost data for internalisation of externalities. 
Exogenous data, mostly used, is the results of ExternE studies – either national damage costs 
(Fahlen and Ahlgren, 2010 and 2012, Holmgren and Amiri, 2007, Gebremedhin and Carlson, 
2002 and Carlson, 2002a, 2002b and 2003) or the transferred values from one country to another, 
by accounting for differences in population density (Klassen and Riahi, 2007, Rafaj and Kypreos, 
2007) and differences in income (Nguyen, 2008, Kudelko, 2006, Bollen et al., 2009).  
The methodology to quantify the costs, imposed on society due to negative impacts of e.g. air 
pollution is the Impact Pathway Approach (IPA) developed during the project of the European 
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Commission, ExternE (Bieckel and Friedrich, 2005). This approach includes the calculation of 
the processes from release of pollutants to monetary value of the damage, caused by e.g. 
increased pollution concentrations in air or water. The result of the IPA calculations is a marginal 
external cost of e.g. coal power plant operation at a specific location. Life cycle analysis of such 
plant would also include all upstream and downstream processes. Impact pathway methodology 
has to be applied to each of these processes. Most of the reviewed energy system models include 
only energy generation-related air pollution externalities (i.e. of a core process) with exception of 
Fahlen and Ahlgren (2010 and 2012). The majority of studies that use ExternE estimates include 
also air pollution-related external costs due to effects, other than damage to human health, such as 
effects on crops and materials. Some studies also internalise damage costs of other impacts, such 
as noise, land use etc., due to use of renewable energy technologies without air pollution 
(Nguyen, 2008, Zhang et al., 2007, Linares et al.,2006).  
Finally, four main possibilities exist in order to avoid/reduce air pollution-related external costs 
which are included in the reviewed studies: 
• refurbishing existing plants by installing post-combustion end of pipe technologies 
(Bollen et al., 2009, Banzhaf et al., 2004, Zhang et al., 2007, Kudelko, 2006, Rafaj and 
Kypreos, 2007, Nguyen, 2008, Klaassen and Riahi, 2007); 
• shifting to cleaner fuels/technologies (all studies in Table 1),  
• considering location of polluting units away from densely populated areas (to some extent 
Banzhaf et al., 2004),  
• reducing consumption and hence production of energy (Bollen et al., 2009, Banzhaf et al., 
2004, Klaassen and Riahi, 2007, Rafaj and Kypreos, 2007, Kudelko, 2006).  
2.3 This thesis 
In this thesis internalisation of health-related externalities of air pollution along with global CO2 
costs in a heat and power optimisation model is explored. While inclusion of the impacts from all 
upstream and downstream processes of energy generation is important in the life cycle approach, 
and external costs of the non-core processes seem to be small but notable, only externalities, 
related to the energy production are considered in this thesis. In that way the performed 
internalisation of externalities follows polluter pays principle and burdens polluting energy 
generation units under consideration. The scope of the external costs in the analyses, presented in 
the thesis, includes health effects and global warming effects due to release of air pollutants to the 
atmosphere from core activities of heat and power generation. Thus, this thesis focuses on the 
most significant, in terms of costs, external effects of energy generation – air pollution-related 
global warming impacts and damages on human health. The focus is on human health-related 
externalities. 
The used monetary values of health damages due to air pollution from energy generation in 
Denmark are based on the results from an integrated model EVA (Economic Valuation of Air 
pollution) (Andersen et al., 2008). The model is developed at the Danish National Environmental 
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Research Institute (NERI), and was further extended at the Centre for Energy, Environment and 
Health (Brandt et al., 2011). The tool includes atmospheric transport and chemistry modelling in 
order to calculate increased air pollution concentrations, population data (density, age etc.) and 
exposure-response functions in order to estimate resulting health impacts, as well as monetary 
valuation of the impacts (Brandt et al., 2011). Sector-specific health externality costs have been 
used in the energy system modelling in the PhD study – external heath costs for large-scale plants 
and for residential sector have been distinguished. Considering the significant decrease in 
emissions during the past 20 years, as a result of international agreements, and regional and 
national environmental policies (Fenger, 2009), and the fact that future technologies are equipped 
with end of pipe technologies, this measure has not been analysed in the modelling of a future 
heat and power system. An optimisation model considers the least cost investment and operation 
strategies, thus, fuel and technology switch possibilities are included in the analyses. The spatial 
aspects of health-related externalities of air pollution from energy generation are considered in 
the thesis and have been included in a heat and power optimisation model. Residential air 
pollution with particles from woodstoves, which contributes considerably to the Danish particle 
emissions is also analysed in the PhD thesis. Linear relation between local/regional air pollution 
levels and resulting health damage costs have been assumed in the performed studies. 
Furthermore, as one of the options to reduce air pollution and related heath externalities, heat 
















3. Heating and heat savings 
Negative environmental and human health impacts of air pollution is the main reason for efforts 
towards emission reductions from energy sector through end of pipe technologies, adaptation of 
cleaner technologies and reduction of energy consumption. Another reason to reduce energy use 
is to avoid increase of the future energy costs due to increasing prices of depleting fossil fuels and 
limited renewable energy resources. Furthermore, reducing future dependency on the imported 
fuels by reducing consumption of final energy will also improve energy security for countries 
with no or limited national energy resources. Energy efficiency improvements can also play an 
important role in facilitating the shift to renewable energy supply by increasing efficiency of the 
renewable energy utilisation. For instance, by improving energy efficiency of building envelope 
not only heat consumption decreases, but also low temperature heating becomes feasible. Finally, 
considerable potential exists for improving efficiency of providing energy services, thus 
implementation of energy saving measures would improve the welfare for households by 
reducing the burden of energy bills and increasing their comfort. 
Buildings have a considerable potential in reducing global energy consumption and externalities 
of energy supply, taking into account energy technologies and resources, used today. Around 40 
% of the total primary energy in the world is consumed by human activities in the existing 
buildings (Galvin, 2010). Energy use in buildings is responsible for around one third of the total 
global CO2 emissions (Ürge-Vorsatz et al., 2007). In OECD (Organisation for Economic 
Cooperation and Development) countries this number is between 35 and 40 % of the national 
emissions of the global air pollutants. These emissions include direct on-site pollutant release, 
primarily from the use of oil and natural gas for individual heat generation, and emissions, caused 
from central heat and electricity generation. Thus, due to heat consumption and generation, some 
of buildings are direct emission sources both, of global CO2 and local air pollutants. Furthermore, 
the fact that more than 80 % of energy in households (for commercial sector this number is 
somewhat lower) in the EU member states is used for hot water and space heating makes heat 
consumption in buildings particularly interesting to study. Therefore, in this thesis heat savings in 
buildings are analysed.    
Energy savings is a robust approach when the goal is to reduce primary energy consumption – 
also when different energy conversion technologies are used. However, energy savings might 
conflict with efficiency of existing or future energy supply systems, for instance efficiency of 
district heating supply infrastructures, or by reducing existing combined heat and power 
generation. Hypothesis by Nässen and Holmberg (2005) is that improvements in energy supply 
systems (by. e.g. fuel substitution) tend to be favoured at the expense of energy efficiency 
improvements at the energy demand side. Sartori et al. (2009) suggest treating building stock as a 
part of the energy infrastructure, where efficiency of buildings is in focus. In the PhD thesis, heat 
saving options in existing buildings are included in an energy system optimisation model, 
originally designed for modelling heat and power systems. The effects of including heat saving 
measures in an optimisation model alongside energy generation technologies have been analysed.    
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This section includes an introduction to different characteristics of heat consumption in buildings 
and heat supply. Furthermore, a number of studies, which analyse heat saving measures in 
buildings – different approaches and methods are reviewed. 
3.1 Heat consumption 
Energy consumption for heating accounts for a significant share of energy use in buildings in 
geographical areas with cold and moderate climates, such as Nordic countries (Denmark, 
Sweden, Norway, Finland) and other countries with high penetration of central heating (Austria, 
France, UK etc.). Almost three quarters of energy consumption in households is used for space 
heating in the EU-27 countries (ADEME, 2009). This number varies between 60 and 80 % – less 
in Mediterranean countries and more in the EU member states with colder winters (e.g. the 
Nordic countries). Denmark is the country where heat consumption accounts for more than 80 % 
of the total energy demand in households. Nevertheless, heat consumption in the European Union 
has been decreasing since 1990. The main drivers for such development are energy efficiency 
improvements, which outweigh the increasing heated floor area (due to new constructions and 
diffusion of central heating in the existing buildings) and higher demand for indoor comfort (e.g. 
temperature increase) (ADEME, 2009).  
In general, consumption of energy for hot water and space heating in households and other 
buildings can be described as shown in Figure 1. Final heat consumption in end-use technology 
depends on energy service demand, influenced by lifestyle. Nørgård (2000) describes lifestyle as 
“a system in which people organise society and daily behaviour” in order to satisfy their needs 
and achieve welfare. Lifestyles affect the demand for energy services, which can vary in different 
cultures and due to different individual preferences. Different room temperatures can be 
considered comfortable not only by different cultures but also by different households and 
individuals. The size of households and dwellings, operating hours of commercial and public 
buildings and time spent at home have an effect on the overall demand for indoor thermal 
comfort and hot water. Lifestyles also have impact on the diffusion of different types of buildings 
in different countries, which in turn have an effect on energy consumption for heating of 
buildings. For instance, the Netherlands have one of the lowest energy consumption per square 
meter in Europe, which can to some extent be explained by the relatively low number of detached 
dwellings, which usually have high specific space heating demand (ADEME, 2009).  The welfare 
demand and hence lifestyles change with time and also have an impact on energy consumption. 
For instance, an increase in heat consumption in southern European countries can be explained by 
growing demand for indoor comfort and subsequent increase in number of buildings with central 
heating, which enables energy consumption for space heating (ADEME, 2009). Furthermore, the 
current trend in (especially Eastern) Europe is decohabitation – fewer persons per dwelling, 
which leads to increased number of dwellings and dwelling size per person. Thus demand for 
building area (m2) with comfortable temperature increases and total energy consumption grows. 
Economic conditions, such as income and energy prices are also decisive factors for energy 
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service demand. Low heat consumption (and low comfort level) in Slovakia and Bulgaria is 






















Energy services – washing dishes, taking a bath and comfortable indoor temperature – are 
provided by end-use technologies. In heating sector end-use technologies are the central heating, 
ventilation and hot water systems, building envelope (roof, floor, walls and windows) and energy 
conversion technologies, such as individual heat generation technologies or a heat exchanger in 
buildings, supplied with district heating. Generally, efficiency of building envelope and climate 
conditions, combined with the demanded comfortable indoor temperature define the final energy 
demand for space heating. Clearly the efficiency of building engineering systems, including 
ventilation, has a significant influence on energy consumption too. Furthermore, building shape 
(the ratio between surface area and volume), orientation to the sun and size of windows have an 
effect on the thermal features of a building (Galvin, 2010).  
Energy consumption for space heating today is characterised by the buildings, built several 
decades ago. In Denmark, 74 % of residential and public and service buildings are built before 
1979 (Kragh and Wittchen, 2010). The distinctive feature of buildings, which also characterises 
their heating demand, is their long lifetime, which can reach more than 100 years. This means 
that energy consumption for heating today on a large scale depends on the decisions made 
regarding heat efficiency of building envelope several decades ago. Energy efficiency of 
buildings has improved throughout the years as a result of tightening of building regulations in 
Denmark. However, despite renovations and energy refurbishments of the existing buildings the 
low energy efficiency requirements in the past are today reflected in heat consumption of e.g. 
single family houses of different age (Figure 2). 
End-use technology: 
 
 The building envelope 
 Building heating system 
 Hot water heating system 
Energy service: 
 
Comfortable indoor temperature  



























Figure 2 Estimated heat consumption (for space heating and hot water) in single family houses in Denmark, 
built before 2006 (Rambøll, 2008b) 
 
Danish energy efficiency requirements for new buildings today and in the nearest future are 
reduced to around a half of energy consumption in the least consuming buildings in Figure 2 
(Aggerholm, 2012) and even more for new buildings in the future (e.g. in 2020). Low energy 
consumption in new buildings will result to only limited growth in the future energy consumption 
due to increasing building stock. It means also that several decades in the future energy demand 
in the Danish building stock will be dominated by buildings, existing today. According to Lund 
et al. (2010) the share of buildings, existing today, will be as high as 85-90 % of the total building 
stock in 2030. A significant share of these buildings have relatively high heat consumption today, 
as they were built before 1979, when the first significant tightening of energy efficiency 
requirements for building envelope was introduced (Tommerup and Svendsen, 2006 and DTU 
BYG, 2004). Thus, comparing with efficiency requirements for new buildings, technical energy 
saving potential is considerable for the existing buildings. 
Final energy demand for heating in buildings can be reduced by changing lifestyles and reducing 
energy service demand and by improving efficiency of end-use technologies, including building 
envelope. However, some parameters, such as geometric proportions and building shape as well 
as building orientation can be altered only to a limited degree or not at all. Lifestyle energy 
efficiency improvements might include reducing indoor temperature requirements (often 
calculated indoor temperature is 20 °C, while real temperatures reach 22 °C) or heating only the 
occupied rooms, reducing indoor temperature during night hours or when leaving a building etc. 
Even though such savings can be significant and are important to promote, they might be more 
difficult to enforce. End-use efficiency of a building can be included in building regulations, 
efficiency requirements for heating equipment etc. Heating load can be reduced by insulating 
walls, roofs and floors and installing high performance windows. Ensuring air tightness of 
buildings in combination with heat-recovery ventilation are also important energy efficiency 
measures. Furthermore energy consumption can be reduced by improving efficiency of central 
heating systems – by insulating uninsulated heating pipes and other installations, investing in 
efficient heating and domestic hot water equipment and choosing efficient individual heating 


















(COWI, 2010). In this thesis the focus is on heat savings in existing buildings by additional 
insulation, replacement of windows and mechanical ventilation with heat recovery.  
3.2 Heat generation and supply 
Heat can be produced by different technologies, which combust fossil fuel or biomass, use 
electricity in electric boilers and heat pumps, or utilise other renewable energy resources, such as 
geothermal energy and sun. Two ways of supplying buildings with heat can be distinguished – 
district heating (DH) and individual heating. In case of district heating, heat is produced in central 
energy plants – combined heat and power plants, district heating boilers, large-scale solar thermal 
plants, large-scale heat pumps and utilising excess heat from industries and geothermal energy. 
Heat is transported via district heating network pipes to the final consumers. Individual heating 
here is referred to onsite heat generation usually in small-scale boilers and heat pumps, but 
micro-cogeneration is also possible, as well as small-scale solar collectors. In some Scandinavian 
and Baltic countries district heating systems cover between 40 % and 60 % of heat market for 
buildings (Connolly et al., 2012). Almost half (46 %) of heating in Denmark is produced and 
supplied by district heating (Lund et al., 2010). This number for the majority of other EU 
member states is significantly lower – in the EU-27 district heating only supplies approximately 
12 % of heat demand in residential and service sectors (Connolly et al., 2012). The rest of heat is 
produced in decentralised individual technologies, which mostly use fossil fuels (64 %), such as 
oil and natural gas, electricity (12 %) and combustible renewables (9 %). The advantage of 
district heating is that it enables heat generation by utilising resources, which otherwise could not 
be used for heat supply – geothermal energy, industrial waste heat, municipal waste and surplus 
heat from electricity production in thermal power plants. Heat, produced in large solar thermal 
plants can be stored in seasonal heat storage and utilised, when needed. In district heating 
systems it is possible to utilise several energy resources and technologies for covering heat 
demand. While individual heating usually relies on one or two generation technologies, one of 
which is primary. 
District heat is transported to consumers via district heating pipe network where heat losses occur 
and a share of supplied heat is lost to the environment. The losses depend on the distribution 
temperatures, thermal properties of DH pipes (insulation), the average pipe diameter and length 
of DH network from producer to consumer, and can vary significantly for different district 
heating systems (Persson and Werner, 2011). Low linear heat densities (heat consumption per 
meter of DH network) can result in high heat losses in district heating supply. For example, in 
Denmark in larger cities heat distribution losses typically are 15 % and in smaller towns – around 
25 % of supplied heat (Rambøll, 2008a). The economic efficiency of district heating distribution 
depends on heat density in an area, which is determined by a number of consumers (buildings) 
and their heat demand. Since DH networks are characterised by considerable fixed (investment) 
costs – the higher is heat density, the lower are network costs per supplied/consumed heat unit 
(Persson and Werner, 2011). Thus, in more sparsely populated areas with low linear heat density, 
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district heating supply might be less cost-efficient. Here heat can be produced in small scale 
individual heating technologies.  
Another difference between individual and district heating is that a single private consumer has 
practically no control of heat generation and hence the heat price in the case of district heating 
supply. In general heat prices depend on the costs of technology and fuel, which are used for heat 
generation. For district heating the costs of distribution network have to be added. Consumers 
with individual heating technologies have more freedom to choose heating technology and fuels. 
Clearly there are also some limitations – natural gas boilers can only be used in buildings, 
connected to a natural gas supply net, in order to install geothermal heat pump a necessary 
ground area needs to be available, biomass boilers requires more space, also for fuel storage etc. 
Primary heating technologies (individual generation or DH supply) are often supplemented with 
secondary technologies – woodstoves, fireplaces, solar heating or air to air heat pumps. Popular 
secondary heating technologies in Denmark are wood-burning stoves (Petersen, 2008). There are 
different drivers for using woodstoves – traditions, preference of a more tangible and visible form 
of heat generation (especially when compared to district heating) and possibility to reduce 
heating expenditures (particularly in the areas with high district heating prices and in combination 
with high cost electric and oil-based individual heating), since woodstove use is often low cost 
for private consumers. However, the extensive wood burning can lead to considerable 
environmental and health problems due to significant outdoor and indoor pollution with fine 
particles (WOODUSE, 2009).  
There are more than 430 district heating systems in Denmark with different technology and fuel 
mix characteristics (Energitilsynet, 2012). The systems are not connected with each other and 
different technologies are used to produce district heat. Therefore district heating costs, fuel 
consumption and local and global environmental impacts vary, depending on a particular system. 
The largest share (almost 80 %) of district heating in Denmark is produced together with 
electricity in combined heat and power plants (DEA, 2005). The main fuels, used in DH plants 
are biomass, natural gas and coal. In Denmark, individual heat generation is, like in the EU, 
dominated by fossil fuel technologies – oil and natural gas boilers. However, during the last 10 
years oil boilers have been increasingly replaced by biomass boilers (and to some extent district 
heating) and oil-based heating has halved (DEA, 2011). The rest of buildings are manly heated by 
electric resistance heating and heat pumps. Studies, assessing possibilities of expanding the 
existing DH systems in Denmark, have been performed by Möller and Lund (2010) and Lund et 
al. (2010). They come to a conclusion that the expansion of district heating to cover 63 to 70 % 
of heating market is feasible and beneficial both in the context of energy system configuration 
today and in the future 100 % renewable energy supply, and with significantly reduced heat 
consumption. The rest of buildings, not connected to a DH system, are recommended to heat with 
small-scale heat pumps.  
31 
 
3.3 Heat savings in buildings – literature review 
A number of technical heat saving measures can be implemented in order to improve energy 
efficiency of existing buildings and reduce their heat consumption. These measures can have an 
effect on net energy demand or delivered energy demand for heating a building (Sartori et al., 
2009). In Figure 1 building envelope and heating systems are classified as end-use technologies, 
where thermal resistance of building elements (walls, roofs etc.) and heat losses due to ventilation 
characterise net energy demand for heating a building, and efficiency of technical systems, which 
are used to meet this demand, have an effect on energy, delivered to a building in order to cover 
the net heat demand (Sartori et al., 2009). Saving measures, which reduce net energy demand for 
heating, are: (additional) insulation of walls, floors and roofs, more energy efficient windows, air 
sealing of buildings and reduction of ventilation heat losses by installing balanced ventilation 
systems with heat recovery. Energy, delivered to a building, can be reduced by insulating heating 
and hot water systems in a house (heating pipes and hot water tanks), installing control system 
for heating installations, replacing inefficient district heating substations or individual heat 
generation technologies (e.g. boilers) with more efficient etc.  
Together all these measures make up a technical heat saving potential in, for example, national 
building stock. Based on calculations of heat saving measures in Danish residential buildings, 
Tommerup and Svendsen (2006) estimate that energy consumption for heating in residential 
buildings can be reduced by 80 % in 2050, when compared to consumption in 2005. They also 
compare average heating demand in existing dwellings with the recent building regulations for 
new constructions, which are 2-3.5 times lower than current demand, in order to illustrate the 
large technical potential for efficiency improvements. According to Jakob (2006) it is possible for 
existing buildings in Switzerland to reach the low energy consumption level of new buildings 
from construction technology point of view. Mirasgedis et al. (2004) analyse 14 energy 
(including electricity) conservation measures in residential buildings in Greece, which combined 
could lead to a considerable reduction of CO2 emissions. However, the cost-effective CO2 
reduction potential reaches only 45 % of the total potential when only energy cost reductions are 
considered. Ürge-Vorsatz et al. (2007) review a number of studies on greenhouse gas reduction 
potentials by implementing conservation measures in buildings. According to their findings for 
developed countries, it seems that cost-effective CO2 reduction potential also reaches only around 
a half of the identified technical potential. 
A number of studies analyse effectiveness of energy savings – see Table 1. The level of detail 
and evaluation method vary in different reviewed analyses. Some articles assess different heat 
saving measures separately (first column in Table 1), others – a combination of saving initiatives 
(Kragh and Rose, 2011, Audenaert et al. 2010, Tommerup and Svendsen, 2006, Amstalden et al., 
2007) or effects of overall efficiency programmes (Clinch and Healy, 2001, Sartori et al., 2009) 
or heat demand reduction by a certain share (Lund et al. 2010, Möller and Lund 2010, Sperling 
and Möller, 2011). 
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Table 1 Reviewed articles which analyse energy savings in buildings 
 
Different heat saving 
measures 
Overall heat (energy) conservation 
– heat saving measure packages 
Comparison with energy price  Jakob (2006) 
Tommerup and Svendsen (2006) 
Mirasgedis et al. (2004) 
Kragh and Rose (2011) 
Gaterell and McEvoy (2005) 
Amstalden et al. (2007) 
Audenaert et al. (2010)  
 
Galvin (2010) 
Clinch and Healy (2001) 
Sartori et al., 2009 
Energy generation systems are 
considered 
Joelsson and Gustavsson (2008) 
Joelsson and Gustavsson (2010) 
Gustavsson et al. (2011) 
Lund et al.(2010)   
Möller and Lund 2010 
Sperling and Möller (2011) 
Kannan and Strachan (2009) 
 
Most of the reviewed studies analyse economic viability of heat savings and compare saving 
costs with achieved benefits due to reduced energy consumption. The majority of investigations 
use discounted cash flow (DCF) method to assess cost-effectiveness of different heat saving 
measures or overall savings (Clinch and Healy, 2001, Mirasgedis et al., 2004, Gaterell and 
McEvoy, 2005, Amstalden et al., 2007, Audenaert et al. 2010, Tommerup and Svendsen, 2006). 
In DCF calculations future cash flows, such as energy cost savings that occur during the lifetime 
of saving measures and annual investment payments, are discounted to present values. Using 
DCF method several parameters, which describe cost effectiveness of heat saving measures, can 
be calculated, namely net present value (NPV), payback time (PB) and internal rate of return 
(IRR). An investment is cost-effective if NPV > 0, payback time shows the time, needed to repay 
the investment and IRR reflects profitability of the investment. Tommerup and Svendsen (2006) 
calculate net present value of increased insulation in typical structures in existing residential 
buildings in Denmark. It seems that with current energy prices the economics of facade insulation 
is not good. Nonetheless, most facade measures become profitable with assumed higher energy 
prices. Net present value of heat savings in different energy price scenarios have also been 
calculated by Amstalden et al. (2007). The difference is that the latter study analyses cost-
effectiveness of four heat saving packages of different scope (different number of saving 
measures and achieved demand reductions of 14% to 58 %) in a model building, and not 
profitability of different typical saving measures. Again, profitability of heat savings depends on 
assumed level of energy prices. The results show that with low and medium energy prices retrofit 
packages with fewer saving measures are more cost-effective than packages with larger scope of 
renovation: floor insulation is more profitable than combination of floor and facade insulation, 
which is again more profitable than insulation of floors, facade and roof. However, with high 
energy prices, NPV of the saving packages increases with increasing number of saving measures 
in a package. Amstalden et al. (2007) also analyse cost-effectiveness of an additional retrofit 
package, where building elements are insulated to a higher energy standard (e.g. larger insulation 
thickness) and when low-energy windows are installed, and which reduces heat demand by 65 % 
in a model building. Results show that achieved higher energy efficiency has a significantly 
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lower profitability. Such results are in line with Galvin (2010), who concludes that, as energy 
efficiency renovations to higher standards save more energy overall, they save less energy per 
invested monetary unit and are therefore less profitable than renovations to lower efficiency 
standards. Galvin (2010) analyses data from several renovations projects/cases and compares heat 
saving costs of different efficiency standards achieved by the projects. All cases show the same 
tendency – the costs of saved energy increase with increasing heat savings level. In the analysis 
Galvin (2010) focuses on cost effectiveness of overall renovation packages – their costs and 
energy efficiency standards achieved – and not on separate saving measures. Jakob (2006) 
compares heat saving costs of facade insulation at different additional insulation thicknesses. His 
results show that heat saving costs increase with increasing insulation standards. The same also 
seems to be true for insulation of roofs and floors. Galvin (2010) considers only costs of heat 
saving measures and asserts the importance of saving most energy for money when funds for 
renovation are limited. In this way his approach differs from the other studies which include 
energy prices (and, in that way, energy supply side) in evaluation of cost-effectiveness of heat 
saving measures. He agrees though that with considerable energy price increase the higher 
renovation standards can become more profitable. This is also proven by Amstalden et al. (2007). 
Furthermore, results by Amstalden et al. (2007) show that with low energy prices none of the 
analysed retrofit packages are profitable – they all have negative net present value. Clearly, such 
results depend on a number of assumptions, but they prove the importance of including energy 
supply side in assessment of heat saving initiatives. 
When assessing the efficiency of heat savings, costs and heat consumption in two situations are 
compared: reference case, with no heat saving investments, and when heat savings measures are 
implemented. The reference case can be further described by two situations, which can have 
influence on economics of analysed heat saving measures: a) a building or a building element 
undergoes renovation/maintenance (e.g. plaster renewal) or b) no renovation is undertaken. If it is 
assumed that a building is not renovated in the reference case, then heat saving investment costs 
include both, costs for efficiency improvements (e.g. insulation added to a facade) and costs for 
renovation works, induced by heat savings implementation (Tommerup and Svendsen, 2006, 
Joelsson and Gustavsson, 2008, Kragh and Rose, 2011, Gaterell and McEvoy, 2005). When it is 
assumed that efficiency improvements are implemented alongside building renovation, which 
would be carried out anyway, only additional costs, related to heat savings should be included in 
the analysis (Amstalden et al., 2007, Jacob 2006, Galvin, 2010, Audenaert et al. 2010). For 
instance, if windows have to be replaced anyway, cost of installing more efficient windows than 
standard ones on the market can be calculated as a cost difference between standard and more 
energy efficient windows (Tommerup, 2010). For facade insulation, only costs, related to adding 
more insulation should be considered (Kragh and Wittchen, 2010). 
Jacob and Madlener (2003) have observed a significant techno-economic progress of efficiency 
improvement technologies for building envelopes in the past in Switzerland. Cost data for 
additional wall insulation, gathered from a number of Swiss building companies, has shown large 
variations at higher insulation thicknesses (and thus efficiency standards). Such cost variation can 
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be an indication of little experience with more far reaching heat saving measures (also some 
precaution surcharges might be included in the prices), and a still small energy efficiency 
renovation market. Thus, it can be expected that all prices will eventually reach the observed 
lowest cost level. Jakob (2006) in his analysis uses best practice (least cost) value in addition to 
mean value. Possible future investment cost developments for heat saving measures are included 
in the analysis, performed by Amstalden et al. (2007). They include future cost degression 
potentials for different saving measures in a sensitivity analysis of NPV calculations, assuming 
different energy efficiency investment years. Applied annual cost reductions vary between 0.22 
% and 0.87 % for insulation and depend on insulation thickness and time period. For windows 
the yearly investment degression is 0.57-1.1 % in different time periods (Amstalden et al., 2007). 
Their results indicate that the effect of the future investment cost degression on profitability of 
heat savings is smaller than the impact of increased energy prices. Clinch and Healy (2001) 
analyse costs and benefits of the energy conservation 10-year programme in the Irish residential 
buildings. In their heat savings cost estimation they take into account two competing 
developments during the renovation period. Increased competitiveness and efficiency in the 
constructions sector, specialising in energy renovations, would bring heat saving investment costs 
down. At the same time they assume labour market capacity constraints, which would lead to 
cost increase. Consequently, Clinch and Healy (2001) assume that these two developments would 
counteract each other and heat savings investment costs would not change over the analysed 10-
year period. 
Some studies assess cost effectiveness of heat saving measures for private consumers (Tommerup 
and Svendsen, 2006, Amstalden et al., 2007, Kragh and Rose, 2011, Audenaert et al. 2010, 
Jakob, 2006). Other papers analyse energy efficiency improvements in buildings from socio-
economic point of view (Clinch and Healy, 2001, Mirasgedis et al., 2004, Gaterell and McEvoy, 
2005, Jakob, 2006). Joelsson and Gustavsson (2008) calculate annualised costs of heating a 
detached single family house in Sweden and assess implementation of heat saving measures both 
from socio-economic and house owner’s perspective. They analyse heat saving measures in a 
detached single family house with different heating technologies – electric heaters, wood pellet 
boiler, district heating supply and a heat pump. When cost-effectiveness of heat savings for 
private consumers is analysed, not only energy prices, heating technology (investment and 
operation and maintenance) costs and heat saving costs, but also policy measures, such as taxes, 
tax exemptions and subsidies are included. Joelsson and Gustavsson (2008) include tax on 
electricity (used in electric heaters and heat pumps), income tax reductions when replacing 
windows with more efficient ones, and resulting increase in real estate taxes. Furthermore, 
electricity and heat prices depend on the supplier of energy – electricity supplier and district 
heating company, and thus vary for consumers throughout the country. They analyse cost-
effectiveness of attic and floor insulation as well as replacing old windows with new ones. Attic 
insulation is the most economically viable saving measure, regardless heating technology and 
insulation of floors is least cost-effective. In general, profitability of heat savings measures is 
highest with electric heaters and lowest with heat pump.  Electricity taxes increase cost 
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effectiveness of heat savings when electric heaters are used. Income tax deductions, induced by 
replacing windows, improve economics of the heat saving measure. However, increased real 
estate taxes when installing new windows have an opposite effect on cost-effectiveness of this 
measure. The role of an energy supplier is also important for profitability of heat saving measures 
– higher electricity or district heating prices increase incentives for energy efficiency investments 
(Joelsson and Gustavsson, 2008). Amstalden et al. (2007) also analyse policy instruments 
applicable for Swiss homeowners when investing in heat saving measures. Subsidies are 
applicable for investments in separate heat saving measures and expenses for energy conservation 
measures are tax deductible. Furthermore, CO2 tax is added to energy (fuel oil) price. The results 
show that all policy instruments increase net present value of the analysed heat saving packages, 
but do not make them profitable, when NPV is calculated with current oil price. On the other 
hand, the combination of all policy measures seems to be very effective and even the most 
advanced retrofit package becomes profitable. Even with lower energy prices, the combination of 
policy instruments can make three out of four heat saving packages cost-effective.  
In a socio-economic analysis by Joelsson and Gustavsson (2008) costs of heating include 
investment costs of large-scale energy (district heat and electricity) generation units or individual 
generation technologies, investments in central building heating system, operation and 
maintenance and fuel costs, and reflect long-term heating costs. Furthermore they include global 
external cost of CO2 emissions from each process in the analysed energy chain.  
Joelsson and Gustavsson (2008) have a rather detailed representation of energy supply costs in 
their socio-economic calculations of heating a single-family house. Other reviewed studies do not 
include this thorough energy cost calculation. However, they focus more on the benefits of 
energy efficiency improvements and achieved heat savings. For example, Gaterell and McEvoy 
(2005) analyse the effect of energy externalities (external costs of impact categories, identified in 
ExternE project for the UK) on cost effectiveness of efficiency measures, applied to a case study 
house. The results show that benefit to cost ratio of different heat saving measures increases 
when externalities are internalised in energy costs. Gaterell and McEvoy (2005) conclude that 
internalisation of externalities can have a considerable effect on cost-effectiveness of efficiency 
measures. However, for the analysed building, added external costs do not change the ranking of 
the heat saving measures according to their profitability – loft and cavity wall insulation are the 
most profitable investments in the analysed case. While Gaterell and McEvoy (2005) include 
externalities of energy generation into cost-benefit analysis of heat saving measures, Clinch and 
Healy (2001) extend their evaluation of social benefits by effects of indoor climate improvements 
in Irish residential sector. Besides avoided external costs of global CO2 and local/regional SO2, 
NOx and PM10 emissions, Clinch and Healy (2001) account for benefits, related to reduced so-
called winter mortality and morbidity due to poor indoor climate during winter time (cold and 
damp houses). Furthermore, Clinch and Healy (2001) consider the benefits of improved indoor 
comfort. For monetary valuation of such benefits they use the value of a share of heat savings 
foregone (not realised after saving measures were implemented). Results show that improving 
indoor climate in winter time in Irish dwellings (reducing winter mortality and increasing indoor 
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comfort) brings the largest benefits to the society after energy savings. Furthermore, reduction in 
CO2 and particulate (PM10) emissions also bring considerable benefits. Mirasgedis et al. (2004) in 
their evaluation of levelised CO2 abatement costs of energy conservation measures in Greek  
residential sector include reduction of environmental externalities of SO2, NOx and TSP (total 
suspended particulates) emissions as a co-benefits. A number of conservation measures with 
positive CO2 abatement costs (e.g. sealing of openings and inspection of central heating boilers) 
become abatement measures with net economic benefit when externalities are included in the 
cost-benefit analysis. Moreover, benefits of already cost-efficient measures (e.g. insulation of 
external walls) further increase. 
Real energy savings, achieved by energy efficiency improvements (e.g. heat saving measures), 
depend on consumer behaviour after savings are implemented. Consumer has a choice – to 
benefit from reduced heating bill or to improve indoor comfort by e.g. raising indoor temperature 
and forgoing a share of possible heat savings. Heating costs decrease as a result of heat savings 
and increased heat service demand can thus be justified (rebound effect). According to (Clinch 
and Healy, 2001) 25-30 % of heat savings in the UK and USA are utilised for improved comfort 
level. Furthermore, the rebound effect is likely to be different for different income groups. More 
of heat savings would be foregone by low income consumer groups with assumed low comfort 
level before energy efficiency improvements. For high income consumers, indoor comfort is 
assumed to be high also before renovations; therefore lower rebound effect can be expected 
(Clinch and Healy, 2001). Among the reviewed papers, only the study by Clinch and Healy 
(2001) accounts for rebound effect (due to improved comfort) in the evaluation of cost-
effectiveness of heat saving investments. They value and include improved indoor comfort 
(which causes rebound effect) as benefits of the analysed energy-conservation programme to 
retrofit the Irish housing stock.  
When energy prices are constant, improving energy efficiency would have the same effect as 
reducing energy prices when energy efficiency is constant (Sorrel and Dimitropoulos, 2008). 
Therefore, energy price elasticity can be used to calculate rebound effect. Nesbakken (2001) has 
analysed data for Norway and found out that, for different combination of heating systems in 
households, energy price elasticity varies between 0.15 and 0.55, average for all households 
being 0.21.   
Mirasgedis et al. (2004) bring the attention to that some energy conservation measures present a 
very attractive economic performance in some building categories, whereas they might not be as 
favourable in other buildings. They divide Greek residential buildings in categories by age, size 
and climate zone. As a result, wall insulation is more cost-effective for older low rise buildings in 
colder climate zone than for newer and high rise dwellings in warmer zones in Greece. 
Amstalden et at. (2007) also calculate NPV of heat saving packages for single family and multi-
family buildings of different age, which show that for older buildings heat demand can be 
profitably reduced by half, but for the newest category of buildings none of the saving measures 
are profitable. Joelsson and Gustavsson (2008) analyse heating and heat savings for a reference 
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single family house and assume three locations in Sweden, which represent three climate zones 
with different mean outdoor temperatures.  The results show that heat savings measures are more 
cost-effective in the northern part of Sweden, where costs for heating a house are higher. In 
locations with higher outdoor mean temperature heat saving measures are less profitable and 
more far-reaching combinations of saving measures are not cost effective at all. Sperling and 
Möller (2011) evaluate effect of heat savings on a municipal energy system. They assess the costs 
of reducing heat demand in buildings by 20 %. By applying heat saving measures in buildings of 
different age and purpose they achieve different average heat saving costs in different building 
groups. Furthermore, they indicate that implementation of heat saving measures might have 
lower costs in North Jutland than the average national energy efficiency investment costs. 
In general, based on the reviewed studies, it seems that with more detailed representation and 
analysis of heat saving measures less attention is paid to energy supply side; and, where more 
comprehensive modelling of energy generation and supply systems is carried out, heat savings 
are represented in rather aggregated manner. Lund et al. (2010) perform an advanced analysis of 
the Danish energy system for evaluation of different heating options for buildings, currently 
using natural gas and oil boilers. They evaluate different heating alternatives in current and 
future, 100% renewable, energy systems and at different, exogenously determined, heat saving 
levels in the analysed buildings. The conclusion is that district heating supply to the analysed 
buildings is beneficial from the overall energy system and socio-economic point of view at 
different heat demand reduction levels. However, cost effectiveness of heat savings has not been 
analysed. 
Sperling and Möller (2011) calculate heat savings of 20 % in a municipality, distributed among 
different buildings, and draw a marginal heat savings cost curve, which reflects marginal heat 
saving costs per building at a certain cumulative heat savings potential. Furthermore, they 
estimate the potential and costs for district heating system expansion into areas with natural gas-
based heating. Their results show that, when heat savings are implemented total costs for new 
DH networks slightly decrease (by 4.5-10 %). However, specific costs of district heating 
infrastructure per energy unit increase due to a considerable share of fixed costs in DH 
investments. Moreover, annualised costs of 20% heat savings in buildings have been compared to 
heat supply costs: a sum of annualised district heating network investment costs (long-term 
infrastructure costs) and replaced fuel and CO2 costs (short-term energy and environmental 
costs). Heat demand reduction measures have lower costs than the calculated heat supply costs. 
Furthermore, Sperling and Möller (2011) analyse the local energy system in Frederikshavn 
municipality, however heat savings here are included exogenously as reduced heat demand in the 
model. The results of energy system analysis show that heat savings reduce consumption of coal, 
CO2 emissions, and import of electricity into the municipality. Combining heat savings and 
district heating expansion yields the lowest fuel consumption in the local energy system. This 




Sartori et al. (2009) conclude that energy saving measures are robust solutions in achieving 
reduction of demand for delivered (final) energy, when different heating technologies are adopted 
in future scenarios for heating in Norwegian building stock. The results also show that effect of 
combining energy conservation and increased heat pump use would result in the lowest final 
(delivered) energy demand, when compared with the combination of heat savings and thermal 
energy carriers such as natural gas, biomass and district heating. Thus, it is important to analyse 
and optimise net energy demand in buildings and their technical systems, including heat 
generation/conversion technologies together. However, Sartori et al. (2009) do not include effects 
on primary energy consumption. When studying primary energy consumption the analysis should 
be expanded to include energy generation and supply systems. In order to reflect effects of 
different heat saving packages on primary energy consumption, CO2 emissions and socio-
economic heating costs, Joelsson and Gustavsson (2008) calculate changes in the whole energy 
chain from net heat demand and final energy consumption to primary energy use in heat and 
electricity generation, in different central generation technologies. Their analysis shows that the 
chosen heating technology in a case building (electric heating, heat pump, wood pellet boiler or 
district heating) has a larger effect on primary energy consumption and CO2 emissions than heat 
savings. Nonetheless, while different technologies have a varying effect on use of energy 
resources and carbon dioxide emissions, implemented heat saving measures reduce consumption 
of primary energy and emissions in all cases. When yearly heating costs are compared, some heat 
saving initiatives increase the total costs – when heat supply costs are low due to warmer climate 
and/or more cost-effective heating technology. Only attic insulation in all cases reduces annual 
heating costs. Gustavsson et al. (2011) analyse changes in primary energy consumption when 
different heat saving measures are implemented in a multi-apartment building, connected to a 
district heating system, in the Midwestern part of Sweden. They conclude that primary energy 
savings, as a result of energy efficiency improvements in buildings with district heating supply, 
depend on heat saving measures and technologies, used for district heat generation. If heat 
savings measures reduce peak load heat production in heat boilers more primary energy is saved, 
than if base load production in cogeneration plant is reduced. According to Gustavsson et al. 
(2011), if heat savings reduce heat generation in CHP plants, cogeneration-based electricity 
production diminishes and electricity has to be produced in another way (e.g. in condensing coal 
steam turbine). Therefore, it is important to include interaction between heat demand and supply 
into analysis of heat saving measures. Such interaction is has been taken into account by Kannan 
and Strachan (2009) when they include residential sector in an energy system wide optimisation 
model for the UK. Technologies (with different energy efficiency) covering ten types of energy 
service demands are included in the model. For space heating, conservation measures are also 
modelled. However, they do not analyse heat savings explicitly. The conclusion is that the UK’s 
target to reduce CO2 emissions by 60 % by 2050 can be achieved by combining low carbon 
electricity production, choosing more efficient end-use appliances and implementing cost-
effective conservation measures. Nevertheless, it seems that reductions of CO2 emissions from 




This section summarises the literature review by focusing on the methods, used for analysis and 
evaluation of heat saving measures and on different characteristics of energy efficiency 
improvements.  
Several methods have been used for evaluating cost-effectiveness of heat savings: 
• Discounted cash flow (DCF) method has been used to e.g. calculate and compare net 
present value (NPV) of heat saving investments and energy (and externality) cost savings 
of different saving measures (Mirasgedis et al., 2004, Gaterell and McEvoy, 2005, 
Amstalden et al., 2007, Audenaert et al. 2010, Tommerup and Svendsen, 2006). This 
method is predominantly used by the studies, which analyse and focus on specific heat 
saving measures or their combination. These studies do not consider different heat 
generation technologies explicitly, but usually assume a heating technology and/or 
different energy price levels. Thus, heat savings investment costs are often compared with 
short-term energy generation costs. 
• Annualised heat saving investment costs have been used to compare the effect of different 
heat saving measures on annual heating costs, when different heating technologies are 
assumed (Jakob, 2006, Joelsson and Gustavsson, 2008). In this case long-term annual heat 
generation costs include heating technology investment and operation and maintenance 
costs, as well as cost of consumed energy. In socio-economic analysis the long-term 
energy production costs include the costs of the whole energy chain, related to heating a 
specific building or building stock (Joelsson and Gustavsson, 2008). Annualised heat 
saving costs have also been used to directly compare heat saving and heat supply costs 
(Sperling and Möller, 2011). It seems that annualised heat saving costs are used when 
assessing their cost-effectiveness in the context of different heating technologies and 
systems. 
• Heat savings are included in energy system models exogenously (Lund et al., 2010, 
Sperling and Möller, 2011) or endogenously (Kannan and Strachan, 2009). When heat 
demand reduction is assumed exogenously in the model, the effect of heat savings can be 
assessed, when compared with scenario without heat savings (Sperling and Möller, 2011).  
Reduction in primary energy consumption and energy system costs as a result of lower 
heat demand can be identified here. However, cost effectiveness of heat saving measures 
when compared with different energy generation options cannot be evaluated. When 
conservation measures are included in an energy system optimisation model, their costs 
and effects on the overall energy system are endogenously compared with other options in 
the model Kannan and Strachan (2009). In this case heat savings are a part of an optimal 
energy system solution. Usually energy system models include rather detailed description 
of energy generation technologies and supply systems. At the same time, energy demand 




In this PhD study annualised heat saving costs of different saving measures are calculated and 
compared with annualised costs of different individual heating technologies, when analysing their 
cost-effectiveness from house owner’s perspective. Furthermore, in order to analyse effectiveness 
of heat saving measures together with optimal energy system configuration, heat saving options 
are included in a heat and power optimisation model in this thesis. 
The reviewed papers, which analyse different aspects of heat saving measures, include a number 
of features, which can have effect on technical and economic effectiveness of heat savings. Cost-
effectiveness of energy conservation measures can depend on the geographical location of a 
building or building stock. In the areas with mild winters expenditures for heating are lower, than 
places with cold climate, and implemented efficiency measures yield less heat savings per 
investment (Mirasgedis et al., 2004, Joelsson and Gustavsson, 2008). Costs for implementation of 
different heat savings measures can vary in different countries or even different parts of the same 
country (Sperling and Möller, 2011). Profitability of heat savings is higher if they are 
implemented together with other renovation and maintenance works – in this case heat savings 
induce only additional costs, related to efficiency improvements and not full renovation costs 
(Sperling and Möller, 2011, Amstalden et al., 2007, Jacob 2006, Galvin, 2010, Audenaert et al. 
2010). It can be expected that increased implementation of heat savings would increase 
competition and induce productivity improvements in the sector of energy refurbishments, and 
costs of heat saving measures would decrease (Jakob, 2006, Amstalden et al., 2007, Clinch and 
Healy, 2001). Effectiveness and profitability of heat saving measures can also depend on the age 
and type of buildings – older buildings would usually have higher heat savings potential 
(Mirasgedis et al., 2004, Jakob, 2006). Energy use patterns can change after heat saving measures 
are implemented and a share of achieved energy savings can be forgone, for instance, in order to 
improve indoor thermal comfort. Thus, an implemented conservation measure might not yield the 
expected energy savings. Nonetheless, increased indoor comfort is one of benefits of heat saving 
measures. Other benefits can encounter reduced noise, increased rental value etc. (Jakob, 2006). 
Environmental benefits of energy efficiency measures are reduced global CO2 and local SO2, 
NOx PM2.5 etc. emissions and related external costs, which depend on heat generation technology 
and system (Amstalden et al., 2007, Clinch and Healy, 2001, Sperling and Möller, 2011, Kannan 
and Strachan, 2009, Joelsson and Gustavsson, 2008, Mirasgedis et al., 2004, Gaterell and 
McEvoy, 2005). When heat demand in buildings is covered by combusting fuels in individual 
heat generation technologies, emissions take place locally – at the building and heat savings 
would reduce the pollution directly. When, for instance, electricity is used in individual heat 
pumps or a building is connected to a district heating system, heat savings can reduce energy 
generation and air pollution at central electricity and heat plants. 
3.5 This thesis 
In the thesis, different heat saving measures are included in an energy system model, where cost-
effectiveness of heat savings is compared to economic viability of heat generation in different 
district heating systems and individual heating technologies endogenously. In the Danish heat 
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and power system model, used in this thesis, heat savings are analysed in the context of 
interaction between heat and power generation and consumption. Here the conservation measures 
are analysed from a socio-economic perspective. Profitability of heat saving investments is also 
evaluated for private consumers, where choice of individual heating technologies is analysed as 
well. For both, socio-economic and private consumer analyses, optimisation method has been 
used, where annual costs of heat and power system or individual heating are minimised.  
Improvements of thermal properties of building envelope and reduction of heat losses in 
ventilation systems have been evaluated in the thesis. Lifestyle changes and heat service demand 
reductions are excluded from the analyses. Nonetheless, possible consumer behaviour after heat 
savings implementation has been assessed by calculating rebound effect. Since external costs of 
air pollutants – CO2, SO2, NOx and PM2.5 – from heat and power generation, are internalised in 
the generation costs, the benefits of reducing global and local/regional air pollution, when energy 
efficiency improvements replace polluting heat generation are included implicitly in the socio-
economic calculations. 
Heat savings in different buildings by type and age are included in the modelling in the thesis. 
Furthermore, different levels of heat savings (different energy efficiency standards) have also 
been analysed. Heating systems – individual or district heating – are also distinguished. Uniform 
climate (mean outdoor temperatures) and heat savings implementation prices are assumed 
throughout the whole country. Marginal heat savings costs are considered – thus, heat savings are 
implemented when buildings are being renovated anyway. Furthermore, yearly productivity 














4. Papers, included in the thesis 
This section includes the analysis, performed in the PhD study and described in four papers. The 
overview of the papers is presented in the next subsection. For papers, written in co-operation 
with other authors, joint author statements are included in Appendix B. Secondary publications, 
written during the PhD study and not included in the thesis, are listed in Appendix A. 
Common for all papers, included here, is that they focus on and explore the causal relations 
between elements in the models.  
4.1 Paper overview 
 
Paper I: Human health-related externalities in energy system modelling. The case of the 
Danish heat and power sector 
Author: Erika Zvingilaite 
Publication: published in Applied Energy 88 (2011) 535-544 
The methodology of internalising health-related externalities of air pollution from energy 
generation in energy system models is discussed in this article. Through literature review the 
chain of events, leading from emissions of pollutants to impacts on human health, is discussed in 
the article. The main factors, which determine human health impacts of energy consumption and 
generation, are identified and based on them a number of energy system studies, which 
internalise health-related externalities are reviewed. 
One of the important factors, which determine health impacts and related costs of air pollution, is 
location of energy plants, with respect to weather conditions (wind direction) and populated 
areas. Health externalities of the three classical local air pollutants SO2, NOx and PM2.5 are 
internalised in the Danish heat and power system optimisation model Balmorel. Different health 
costs are applied to different geographical locations in the model. By identifying geographical 
areas with different external health costs a more comprehensive internalisation of these 
externalities can be achieved. 
 
Paper II: Modelling energy savings in the Danish building sector combined with 
internalisation of health-related externalities in a heat and power system optimisation 
model 
Author: Erika Zvingilaite 
Publication: forthcoming in Energy Policy 
This paper describes the first attempt to include heat saving measures in buildings into the Danish 
heat and power optimisation model Balmorel. Based on the findings from Paper I, that energy 
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plants at different locations can cause different health externalities, spatial variation in 
internalised health costs is also applied in the analysis in this paper.  
A different version of Balmorel, with larger number of separate district heating areas and 
different dataset (assumptions) is used in this article. Thus, it is not directly comparable with the 
Paper I. Furthermore, heat demand in the building stock with individual heat generation 
technologies is also included in this study, while only district heating is included in Paper I. Four 
heat saving measures are included as options to reduce heat demand in buildings – insulation of 
walls, roofs and floors and more efficient windows. The measures compete with heat generation 
technologies in the optimisation model.  
The goal of this paper is to examine penetration of heat saving measures when saving investment 
decision is endogenous in the model. Special here is that cost-effectiveness of heat savings is 
assessed in an optimal energy generation mix – as a part of the optimal solution. Thus, relations 
between heat and power generation in different technologies are accounted for in such evaluation 
of cost-effectiveness of heat savings. Furthermore the role of heat savings in reducing health 
externalities of air pollution from energy generation is investigated in this paper.  
 
Paper III: Heat savings in buildings in a 100 % renewable heat and power system in 
Denmark with different shares of district heating 
Author: Erika Zvingilaite (main author) and Olexandr Balyk 
Publication: submitted to Energy and Buildings 
In this paper investments in heat saving measures are analysed for the future Danish heat and 
power system, when only limited renewable energy resources and technologies are available for 
energy generation. Furthermore, two situations are analysed – when district heating generation 
covers around half of heating demand in buildings and when it supplies almost 70 % of the heat 
demand. 
Heat savings module in Paper II has been extended by including an option of installing 
mechanical ventilation with heat recovery in dwellings. Furthermore, heat savings measures 
include several energy efficiency standards, since saving costs increase with increasing heat 
savings level. More detailed estimation of heat savings potentials and costs has been also 
performed for this article and described in more detail in Section 5. Here health-related 
externalities are also included, but their impact is smaller. 
 
Paper IV: Investments in heat savings and individual generation technologies in dwellings: 
Modelling of the Danish residential heating sector 
Author: Erika Zvingilaite (main author) and Henrik Klinge Jacobsen 
Publication: submitted to Energy Economics 
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While the first three papers analyse cost-effectiveness of heat saving measures from socio-
economic perspective when the saving options are included in energy optimisation model, Paper 
IV analyses energy efficiency improvements from private consumer point of view. Here a simple 
optimisation model has been developed in order to investigate consumer choice of heat 
generation technology and heat saving measures.  
Only single family dwellings, not connected to district heating supply systems, are included in 
this analysis. Several investment situations are analysed and also possibility to use secondary 
heating technology – wood burning stove – in order to supplement space heating is included in 
the analysis.  Fuel and environmental taxes and energy supply fees for private consumers are 
applied to energy consumption. However, health-related externalities of air pollution are not 
internalised in the analysis. Nonetheless, indoor and outdoor air pollution from woodstove 
burning is assumed to have impact on health of the consumers. Therefore, related health damage 
costs of woodstove use are internalised in optimisation of private consumers. Furthermore, 
possible change in consumer behaviour after implementation of heat savings – the rebound effect 




4.2. Paper I 
Human health-related externalities in energy system modelling 




Systems Analysis Division, Risø National Laboratory for Sustainable Energy  
Technical University of Denmark – DTU, Roskilde, Denmark 
Abstract 
This paper discusses methodology of energy system modelling when reduction of local 
externalities, such as damage to the human health from energy production-related air 
pollution, is in focus. Ideally, the local energy externalities should be analysed by adopting 
the impact pathway approach of ExternE study, and following the pollutants from their 
release to the personal uptake and resulting health effects. This would require inclusion of air 
pollution modelling and monetary valuation of the impacts into an energy system optimisation 
process. However, this approach involves a complex study and generalisations are needed. 
The way local externalities are included in the existing energy system models is identified and 
discussed in the paper. Only a few studies include localisation aspects when internalising 
local externalities in an energy system optimisation. The performed analysis of the Danish 
heat and power sector verifies that it is cheaper for the society to include externalities in the 
planning of an energy system than to pay for the resulting damages later. Total health costs 
decrease by around 18 % and total system costs decrease by nearly 4 % when health 
externalities are included in the optimisation. Furthermore, including localisation aspects can 
reduce health costs of the heat and power sector in Denmark by additional 7 %.  
Keywords: energy system modelling, optimisation, air pollution, externalities, health damage 
1. Introduction 
Conventional energy production causes air pollution and subsequent negative environmental 
impacts. Results from several investigations have shown that exposure to increased 
concentrations of air pollution, due to the release of local air pollutants such as SO2, PM2,5 
and NOx, causes health effects – mortality and morbidity. Health impacts are the most 
important damage category of air pollution in Europe today and account for around 90% of 
the estimated local impacts [1].  
A number of measures can contribute to the reduction of air pollution from the energy sector, 
including shift to cleaner fuels or renewable and pollution free resources, increased fuel 
efficiency of energy plants, installation of abatement technologies, end-use energy efficiency 
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measures and other. Several studies [2-6] have shown that it is more cost effective for the 
society to consider environmental impacts when planning energy systems than to pay for the 
resulting damage later. Hence energy planning tools – energy models that are capable of 
efficiently including these externalities are needed.  
There exist a number of modelling tools for assessing damage from air pollution and for 
planning of future energy systems. Atmospheric air pollution and health impact assessment 
models represent the relation between air pollution release and resulting environmental and 
health damage with a great detail. Whereas energy system modelling [2,3,5-10] focuses 
mainly on the technological and economic characteristics of the system, and monetary values 
of human health damage due to local air pollution are often included in an aggregated and 
simplified manner. This article argues that in order to efficiently incorporate local air 
pollution related externalities it is important to consider the factors that define relations 
between energy production and resulting health damage. The focus here is on spatial variation 
of the local externalities due to a combination of meteorological conditions (wind direction) 
and population distribution throughout a country or a region. The goal and contribution of this 
study is to reduce the gap between atmospheric pollution and energy system models by 
including these aspects of local health externalities into an energy system optimisation model 
of the Danish heat and power sector. Actual local external costs as opposed to average should 
be included in the operation costs of energy plants in order to increase efficiency of efforts to 
reduce negative impacts of heat and power production.   
The article is organised as follows: 
The purpose in section 2 is to gather the information and give a theoretical background for the 
relations between energy production, emissions, resulting air pollution concentrations and 
subsequent human health damage.  
A number of studies have been performed using the existing energy optimisation models and 
including local externalities. These studies are reviewed and the recent methodology of 
internalising local externalities is discussed in section 3. 
The Danish energy sector is one of the major contributors to the emissions of the classical 
local air pollutants (SO2, NOx and PM2,5) causing health damages. In section 4 the energy 
system optimisation model Balmorel has been altered and used to perform the study of 
internalisation of local health externalities into planning of the Danish energy system.  The 
results of including local externalities and the effects of taking the location of energy plants 
into account are analysed and discussed here.  
Finally in the section 5 conclusions are drawn on the basis of the achieved results and in the 






2. Health related externalities and air pollution from energy system 
This section gives a theoretical background for the relations between energy production and 
air pollution related human health externalities.  Human health effects of air pollution are the 
results of a chain of events that starts with the release of pollutants, and through atmospheric 
transport, dispersion and (chemical) transformation, causes changes in ambient concentration 
of pollutants, and leads to population exposure, personal intake, consequent dose and the 
resulting health effects (Figure 1). 
 
 
Figure 1 From release of pollutants to health impact. The chain of processes and the affecting factors 
leading from air pollution release to damage of human health. Based on Hertel et al. [1] 
2.1 Release of the local pollutants 
Classical local air pollutants from energy production (mainly using fossil fuels) that impose 
significant health effects and consequent costs for the society are particles (PM10, PM2,5), 
nitrogen oxides (NOx) and sulphur dioxide (SO2). The release of these pollutants depends first 
and foremost on the size and type of energy technologies and on the quality of fuel used. 
Inadequate combustion conditions, such as too high or too low temperatures, oxygen excess 
and fuel mixing aspects lead to the formation of intermediate partial combustion by-products 
– air pollutants, harmful for the human health and the environment [11]. Release of NOx 
depends on the conditions of a combustion process. High fuel sulphur content causes 
increased formation of SO2. Emissions of particles are mainly resulting from the use of solid 
fuels [12]. The release of particularly SO2 from energy plants in Europe have been 
successfully reduced by shifting to fuels with lower sulphur content and installing abatement 
equipment. However, the size of a plant can have influence on the use of abatement 
technologies, which can rarely pay off for small and individual generation units [13]. 
Utilization of plant’s capacity has also influence on the emission rates. For example, 
experimental tests with a micro gas turbine have shown that emissions of NOx rise 
considerably when operating at part load [11,14]. For other pollutants, part load emissions 
increase due to decreased fuel efficiency.  
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Consequently, the amount of a released pollutant from a plant ( pEM ) is calculated by 
multiplying an emission factor – mass of pollutant p emitted per useful energy output e ( epEF ) 
or fuel input f ( fpEF ) in g/GJ by energy output E or fuel input F in GJ:  
EEFEM epp ⋅=   or FEFEM
f
pp ⋅=          (1) 
The emission factor epEF  or 
f
pEF is a function of fuel quality, technology characteristics and 
operating conditions like load factor. 
2.2 Atmospheric processes 
On the contrary to emissions of CO2, which stay in the atmosphere long enough to be 
uniformly dispersed and cause global effects, the resulting pollution concentrations due to 
emissions of NOx, SO2 and PM2,5 depend on atmospheric transportation, dispersion and 
chemical transformation of these pollutants. The conditions and the course of these processes 
depend on the location, height and time of a pollutant release. Emissions at low or ground 
level from small-scale or micro plants have poor dispersion and dilution possibilities and 
pollution concentrations close to a source will be higher than those of large plants with higher 
stacks [13,15]. The atmospheric chemical processes depend on the amount of other substances 
in the atmosphere, i.e. emissions by other sources, as well as other conditions, such as air 
temperature and sunlight. The transportation of emitted pollutants depends on the complex 
meteorological forces – different wind directions in time and at different altitudes. Primary 
particles and SO2 cause effects mainly within 50x50 km area, while nitrate and sulphate 
aerosols, which form secondary particulate matter, tend to travel over longer distances [16, 
17]. 
2.3 Location of energy plants 
The extent of health damage by the same pollutant at different sites can vary significantly due 
to spatial variations in population density and consequent exposure. Gulli [13] distinguishes 
between macro (e.g. north or south Italy) and micro (urban or rural area) localisation. He 
points to significantly higher external costs from the plants located in the northern Italy, close 
to densely populated rest of Europe, when compared to southern Italy. In [18] differences due 
to macro location are also reflected in external costs of emissions in western and eastern 
Germany and EU-15. In Figure 2 differences in health external costs of three Danish 
combined heat and power (CHP) plants can be seen. The data is based on the recent analysis 
[16] of external costs of air pollution from three typical cogeneration plants with urban, 
















Urban coal based CHP
Rural natural gas and coal based CHP
Suburban municipal waste CHP
 
Figure 2 Health related externality costs of three Danish CHP plants. Different health damage costs of air 
pollutants, released from three combined heat and power plants (CHP) located at different sites. Based on 
Andersen et al. [16] 
 
The differences in external costs due to different population density at three locations are best 
reflected in external costs per unit of particles emitted. Particles do not participate in chemical 
reactions therefore the resulting concentrations do not depend on other substances in the 
atmosphere. External health costs per pollution unit can differ significantly (more than three 
times) due to different locations of the plants with regards to populated areas, which in 
combination with the dominating wind direction result in the impact of different degree. The 
rural plant is located in the rural area and causes the lowest environmental impact. The 
location at the eastern part of Copenhagen of the urban plant has some advantages as 
prevailing west winds transport the pollutants to the east and over the Øresund. The suburban 
plant, located west of Copenhagen causes high population exposure and consequent health 
damage – the west winds are not advantageous in this case, as the pollutants are carried over 
densely populated Copenhagen and its suburbs. In the study described in this article (section 
4) it is generalised that emissions have low health externality value if the plants are located in 
the urban Copenhagen and high value if the plants are located west of the city. 
3. Literature study of energy system modelling when including local externalities  
Three main factors are important for the health related externalities from energy production: 
1) energy generation mode (technology and fuel); 2) processes in the atmosphere 
(meteorology and atmospheric chemistry) and 3) population distribution (density and 
demographics). The first factor is the core of energy models, the second is the subject of 
atmospheric modelling and the third is dealt with in the quantification of health effects. When 
planning energy systems it is important to consider the combination of these factors. For 
instance, ExternE study [19] follows the chain of events (Figure 1) when estimating local 
external costs of different energy plants. For optimisation of a whole energy system this 
would require to include the atmospheric pollution model into an energy optimisation model. 
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This would result in a too complex structure and a more straightforward solution is sought 
here. Nine studies [2-10] that include local impacts of NOx, SO2 and PM2,5 into the energy 
system optimisation models have been reviewed (Appendix A). 
All analyses include a rather comprehensive technology and fuel representation. Some studies 
[2,3,7,8] also include abatement technologies. They demonstrate that air pollution abatement 
technologies are important for future energy systems when externalities are included in the 
planning. Kudelko [8] also includes the possibility of installing abatement technologies at the 
existing plants. In order to find out how competitive different existing/conventional and new 
technologies are, it is important to include possibility for refurbishment of existing plants.  
In contrast to the technology representation, reviewed models use rather aggregated information 
on local health damage by air pollution from the energy sector. All studies, except one by 
Linares et al. [4], base local externality data on the results from ExternE project [19]. They 
include either national or European average externality costs of local air pollutants. By using 
average external costs the localisation differences with respect to meteorological conditions and 
varying population density within a country or region is excluded from the evaluation of plants. 
The operation optimisation of the Spanish electricity system [4] considers location of energy 
units, however due to the resolution limits of the atmospheric dispersion model, plants are 
grouped into geographical areas of 100 km grids. This seems to be a reasonable division, since 
only large plants with presumably high stacks are represented. Optimisation models of the global 
energy system [2,7] include differentiation of several world regions by fuel sulphur content and 
by population density. Thus the localisation of energy units is considered to some extent. In the 
study of possible cooperation benefits of Danish and Swedish district heating (DH) systems [9] 
differences in externality costs due to different location of the DH plants are not taken into 
account. Due to prevailing western winds pollution from the Danish plants would be carried over 
the Øresund and will not have a high effect on human health, while this is not the case for 
Swedish DH producers, located on the eastern coast of the Kattegat and causing pollution east of 
Helsingborg.  
None of the reviewed studies use different external costs for plants of different size and with 
different stack height. In a study of the Polish energy system [8], new small heat plants are 
expected to gain a visible share of the energy production when local externalities are included, 
due to their lower impact on environment. However such conclusions should be further 
investigated by comparing differences in externality costs of large and small-scale plants due to 
different height of emission stacks and localisation with respect to populated areas. In the 
analysis of supplying heat to a region in Sweden [5,6] emission coefficients of local pollutants 
are included for each type of fuel. The rate of pollutant release is assumed to be the same for 
district heating plants and for residential heating units. In this case it is neglected that residential 
heating usually has a higher emission rate and higher population exposure. 
As it has been specified earlier, emissions increase when energy plants operate at part load. None 
of the papers consider this variation.  Models for optimisation of future energy investments 
usually do not include the load factor in the calculations, while this is the task of operation 
optimisation models.  
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4. Including local externalities into the Balmorel model of the Danish energy system 
The literature study in section 3 leads to a conclusion that recent energy system studies focus on 
energy and abatement technologies while only simplified treating external health costs. Most of 
the studies do not consider different health damage costs at different locations and use a single 
average externality cost per pollutant, while other studies [4,13,16,18] present the evidence for 
such differences. It is clear that the extent of health effects of air pollution from an energy 
generator depends on population density in an affected area. When a uniform health externality 
is used for the whole system in an optimisation model, the pollution at different sites is burdened 
equally. This leads to too high costs for plants affecting unpopulated areas and too low costs for 
plants affecting densely populated areas.  
Human health related external costs taking into account the location of different energy plants 
have been included into an optimisation model of the Danish heat and power system. The 
location of energy plants is divided into geographical areas with different health damage cost 
of the pollutants released from units in a particular area. The model takes into consideration 
the dominating wind direction and the population distribution in the country. Only health 
related damages of local air pollution are included in the study.  
The study does not include possibility for investing in abatement technologies nor does it treat 
the differences in the plant size. Both these issues are subjects of future work. 
4.1 The model 
Balmorel, a linear optimisation model of the Danish power and heat system, has been used for 
this purpose. The model is originally developed for analysis of heat and power sectors in the 
Baltic Sea Region [20]. Balmorel minimises operational costs of the heat and power sector by 
determining optimal operation of the generation units and future investments into energy 
production plants and supply infrastructure [21]. The model optimises energy production in 
the existing and new plants annually. This can be seen as a limitation since decision to invest 
is made only on the basis of the demand and prices in the year of the investment. A year in the 
model can be further divided into several time periods – weeks and hours. Electricity and heat 
demand in each time period has to be satisfied. Technologies compete on the basis of 
(annualised) investment, operation and maintenance costs, fuel prices and global external 
costs. The possibility to include human health related external costs due to local air pollution 
has been added during this study. The performed study is a socioeconomic analysis of the 




Figure 3 The Balmorel model used for inclusion of local externalities 
 
The heat and power system is divided into two regions – east and west for electricity 
consumption and production. The regions are subdivided into rural and urban areas for 
district heating (see Figure 3). Two power regions are interconnected by a transmission line of 
a limited capacity. Exchange of heat between the four areas is not allowed – heat demand 
must be covered by heat plants within the same district heat area. Time series are given for 
electricity demand and wind power production in each region and for heat demand in each 
area. The model is deterministic with a perfect foresight where wind power generation is 
known in advance for the whole year. This assumption usually leads to underestimation of 
system costs. 
The geographical division of the heat and power system into four areas is originally designed 
to describe separate district heat supply areas. Nevertheless as a first attempt this division is 
used to reflect areas with different health externality costs apC (p= SO2, NOx and PM2,5 and a= 
DK_E_Urban, DK_E_Rural, DK_W_Urban, DK_W_Rural). This clearly introduces 
uncertainty to the study and its outcome. However, the data for geographical areas with 
different human health damage costs in Denmark is not available at the moment. As a 
consequence the results of this study only indicate the effects of introducing the geographical 
resolution in order to account for prevailing wind direction and population density in local 
externalities of energy production rather than give a precise answer.  
4.2 Data input and scenarios 
Electricity and heat demand is given exogenously in the model and is not a part of the 
optimisation. The demand is assumed to follow historical trends in Denmark (Table 1) [22]. 
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Table 1 Demand for electricity and district heat  
aTWh/yr 2005 2015 2030 
District heat demand 27 29 30 
Electricity demand 33 34 41 
a excluding transmission losses 
Three scenarios are calculated:  
- No externalities, where only the global CO2 cost of 15 EUR/t is included and no 
local externalities are taken into account;  
- the single average externality cost is included in addition to CO2 cost in the 
Uniform cost scenario;  
- Different area cost scenario includes different local externality costs in areas (see 
Table 2). 
Table 2 External health damage costs of pollutants from different areas, apC  (EUR/t) 
Area SO2 Cost, EUR/t NOx Cost EUR/t PM2,5 Cost  EUR/t 
The average cost 9100 5870 10900 
DK_E_Rural 13542 10483 18533 
DK_E_Urban 5962 2533 7595 
DK_W_Rural 9100 5870 10900 
DK_W_Urban 9100 5870 10900 
 
The prevailing wind in Denmark is the west wind. Hence the pollutants are mostly transported 
to the east. DK_E_Urban area is supposed to include plants, located primarily in the eastern 
part of the greater Copenhagen area, with Øresund as the neighbour to the east. As a result 
external costs of pollutants from plants in this area are assumed to be low (even though urban 
location is usually associated with high health externality). On the contrary, pollution from 
energy production in the DK_E_Rural is assumed to have a high health related cost. It is 
expected that pollution from majority of the plants in this area affects Copenhagen and its 
densely populated suburbs. The emissions from DK_W_Rural and DK_W_Urban are 
assumed to be average. The plants located in the western areas cause air pollution in the 
continental part of Denmark, which is moderately populated. The local external costs per unit 
of pollutant are documented in Table 2. The average costs account for the health damage, 
caused by the Danish energy production in Denmark and other affected countries, and are 
based on [23]. The cost variations between different areas are calculated, based on deviations 
from average of maximum and minimum local external costs in Spain, derived from the study 
by Linares et al. [4] (Table 2).  The data for spatial variation of health damage costs in 
Denmark is not yet available. Therefore the differences in local externalities between 100 km2 
areas in Spain are used in order to construct areas with different costs, based on the Danish 
average health externality. 
Three years are optimised in each scenario in order to account for different investment 
possibilities: 2005 – where the existing plants are running, 2015 – where some of the plants 
are phased out, but not all new plants are available yet, and 2030, where almost all existing 
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plants are phased out (see Figure 4). The assumption is that most of the plants, available in 
2005 have around 30 years of lifetime left. Following this assumption only around 11% of 
initial capacity will still be in operation in 2030, consisting of coal, natural gas and biomass 



















Figure 4 Phase out of the existing power capacity in Balmorel 
 
The only option to reduce air pollution from energy generation is to shift to cleaner 
production either among the existing plants or by investing in new technologies. Emissions 
rates of the existing plants in the model are based on the Annual Danish Emission Inventory 
data for energy sector, prepared by the National Energy Research Institute.  
The data for new technologies (see Appendix B) is based on the RECABS project [24] and 
the technology catalogue, prepared by the Danish Energy Authority [25]. New technologies 
are assumed to have built-in abatement technologies.  
The fuel prices are shown in Table 3 and are based on prognosis of the Danish Energy 
Agency in 2006. 
Table 3 Fuel prices 
EUR/GJ Fuel oil Natural gas Coal Wood Straw Municipal Waste 
2005 5.25 4.19 2.07 4.45 2.95 -2.28 
2015 10.50 7.19 2.20 4.59 3.05 -2.28 
2030 13.00 8.50 2.45 4.79 3.18 -2.28 
 
The price of municipal waste is negative based on the assumption that waste incineration 
plants receive payment for treatment of waste. 
5. Results 
Table 4 includes an example of results for year 2015 – emissions of the pollutants and 
resulting local external cost in different scenarios. Even though the total sum of the emissions 
is shown, the corresponding total externality cost is a result of different levels of pollution and 
different local externality costs in different areas. Different area health damage costs are used 
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for calculating ex-post local external costs for all scenarios given that actual health damage 
costs vary from location to location. The total annual local external cost ( totalE ) is calculated 
as a sum of external health costs in each area (Ea). The latter is obtained by multiplying the 
amount of pollutant p ( p= SO2, NOx or PM2,5), released from all plants in each area a ( apEM ) 









total CEMEE             (2)  
Furthermore, the reduction in total local externality cost from the scenario without 
externalities to the scenario with uniform health cost, as well as from Uniform cost to 
Different area cost scenario is calculated as percentage in Table 4. 
Table 4  Emissions and ex-post external costs for different scenarios in 2015 
 
It is evident that internalisation of health externalities has an effect on the heat and power 
production and ex-post total local external cost is reduced by 16 to 20% when comparing 
Uniform cost and No externalities scenarios (Figure 5 to the left). This means that the average 
health damage cost affects the operation and investment decisions in the model. Furthermore 
the total external cost due to health damage decreases over time in the scenarios as new, 









































































Figure 5 Total ex-post health external costs – scenario comparison. Figure to the left compares the ex-post 
total health related external costs of scenarios, when no local externality is included and when the uniform 
health damage cost is included into optimisation of the Danish energy system; and figure to the right 
compares total health costs of the scenarios with uniform average and different area externality costs 
 
















No externalities 14767 29645 1561 142 172 18 332  
 20 
Uniform cost 11005 25523 1394 102 147 16 265  
 6 
Different area cost 11062 24941 1283 98 137 14 248  
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The total health related externality cost decreases further by 6 to 8%  when actual differences 
in health effects due to location of the energy plants are taken into account in the model in the 
scenario Different area cost (Figure 5 to the right). This leads to a 22 to 25% reduction in the 
total external system cost when compared to the scenario with no local externalities. The 
difference between the two scenarios with included local external costs (Figure 5 to the right) 
is highest in 2005 (8%), where the existing capacity with relatively high emissions is still 
running. High local external costs in the DK_E_Rural in the Different area cost scenario 
induce larger investments into clean production, namely wind turbines and heat pumps in 
2005, than the average external costs, used in Uniform cost scenario. The difference gets 
smaller in the later years, when some of the existing plants are not in operation anymore and 
new renewable technologies become more economically viable.  
The same trend can be seen when health externality costs of electricity and heat generation in 
Denmark are expressed in Eurocent/kWh (Figure 6). The difference between the scenarios is 
largest in the early years with existing technologies still operating and is reduced in year 2030 
especially in case of heat generation.  
 
Figure 6 The average ex-post health externality cost of heat and power production in Denmark 
 
Given that in Denmark a significant part of energy is produced in combined heat and power 
(CHP) plants, air pollution and related external costs have to be allocated between electricity 
and heat. For extraction CHP plants heat production is assumed to be marginal and a larger 
part of air pollution is allocated to the production of electricity. For backpressure plants air 
pollution is allocated according to heat to power ratio. Taking into account these assumptions 
the results (Figure 6) show that health externality cost of electricity is approximately double 
as high as health externality of heat in the early years (2005 and 2015) when the existing 
technologies are still operating. In the year 2030 external costs of power and heat generation 
are comparable, particularly in Different area cost scenario.  This suggests that the potential to 
reduce air pollution related health externalities of energy is higher in power sector than in heat 
sector when old technologies are phased out and new technologies are available for energy 





























































































































Figure 7 Annual emissions of local pollutants (SO2, NOx and PM2.5) in different areas in three scenarios in 
2030 
 
Emissions of different pollutants were compared under different scenarios in the year 2030. 
Clearly, emissions decrease when health externality cost is included. From Figure 7 it can be 
seen that emissions in all areas are lower in the Uniform cost scenario than in the case of No 
externalities, since the pollution from all the areas is burdened equally. When different area 
costs are included in the optimisation, more effort is made to reduce emissions in the area, 
with high health damage costs and less effort is made, where the external costs are low. As a 
result the total amount of pollutants almost does not change, comparing with Uniform cost 
scenario, but are redistributed (see also Table 4).  Emissions of NOx and SO2 in the 
DK_E_Rural area are reduced considerably (by replacing coal generation with wind and heat 
pump generation), while in the DK_E_Urban area with local external cost lower than average, 
emissions are higher, when compared to Uniform cost scenario (coal based energy production 
increases here again). Emissions in DK_E_Urban area increase due to lower cost burden: a 
more polluting technology is used here; and a part of electricity production is moved from the 
area with high external cost to the low cost area. In the western Denmark emissions are equal 
(DK_W_Urban) or marginally higher (DK_W_Rural) in Different area cost scenario, when 
compared to Uniform cost scenario. When the total system cost (and not different area cost) is 
minimised, in the optimal situation emissions in some areas can be increased, if it is more 
beneficial to decrease them in the other areas with the same externality cost. When high 
pollution costs induce investments into clean technologies in DK_E_Rural area, energy in the 
DK_W_Rural area can be produced by a more polluting plant, but using cheaper fuel or 
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- 17.8% - 6.7 %
- 6.4 % - 3.1%
- 3.6 %
 
Figure 8 Cumulative undiscounted system costs. The total system cost, production costs, health and CO2 
external costs for all three years (2005, 2015 and 2030) 
 
The total system cost under different scenarios prove that it is less costly for the society to 
consider externalities in the energy system planning process than to pay for the resulting 
damages later. Figure 8 includes the cumulative energy system costs and cost components of 
the three analysed years. The top left point shows the total system cost when not internalised 
health externalities are added to the total cost of the No externalities scenario. It is clear that 
the total system cost decreases when health externalities are included due to decrease of local 
external and CO2 costs, even though the production cost increases.  
6. Conclusions 
Based on the carried out literature study it can be generalised that local external effects of the 
pollution from energy production depend on two main groups of aspects. The first group is 
related to technology (type, fuel, efficiency, capacity utilisation, stack height, size and 
abatement); and the second is related to location of a plant (with respect to meteorological 
conditions and population distribution). Technologies are the primary focus of energy models 
and their characteristics are represented rather detailed, also in the reviewed studies. At the 
same time the localisation aspect are either not treated or simplified in the models. In order to 
enable more detailed and representative internalisation of local externalities in energy models, 
information available from atmospheric dispersion and damage quantification models should 
be used. 
The performed inclusion of local health external costs into the energy system optimisation 
model Balmorel have shown that local external costs of heat and power production in 
Denmark decrease by around 18% in total for all three years analysed, when local health 
externalities are included in the model. Furthermore, the system costs show that it is around 4-
6 % cheaper for the society to internalise these externalities than to bear the monetary value of 
the resulting human health damage.  Already when only few areas with different local 
external costs are distinguished in the energy system and included in the optimisation model, 
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the total health related external cost of the system is reduced by additional 7%. Thus the total 
result is reduction of total local external costs of the Danish heat and power system of around 
25%. Investment and operation decisions, when different area health externalities are added to 
the model, favour modern pollution free wind and heat pump production in high health impact 
areas and conventional coal-based generation in the low impact areas. While when a uniform 
average external cost is applied to the whole system these modern technologies are more 
evenly distributed geographically regardless of the location-dependent health benefits. The 
different health costs are applied to the existing areas in the model. It can be expected that, 
after combining the knowledge of the atmospheric processes, the dominating weather patterns 
and population distribution, it should be possible to identify characteristic areas, with specific 
population exposure and consequent health damage costs of different pollutants. Based on the 
findings of the air pollution and health cost study of the three Danish cogeneration plants a 
larger deviation from the average local external cost, or at least the higher health cost in some 
areas can be expected, than the one, used in the calculations. The division of the system into 
more areas would also lead to larger cost differences between the areas and could induce more 
significant changes in energy production.  
It should be noted that the effect of internalising local externalities can be larger if a 
possibility of refurbishing the existing plants by installing abatement technologies is included 
as an option for reducing air pollution from energy production in the early years. This has not 
been possible in the presented model runs. Shifting to cleaner fuels or emission free 
technologies can also bring other benefits, such as reduction of CO2 emissions, increased use 
of renewable energy resources and decreased dependency on fossil fuels. End of pipe 
emission abatement technologies used for conventional energy plants solve on the other hand 
only local and regional air pollution problems. Another important option that can effectively 
reduce emissions of local pollutants is investments in energy savings. Option to invest into 
energy savings is not implemented in the present model; it is the subject of the future work.  
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Appendix A - Overview of energy system optimisation studies that internalise local 
externalities 
 





Exogenously estimated SO2 and NOx 
costs for each technology in each 
region in ¢/kWh of output electricity. 
Source: ExternE 
Externalities included for each technology 
in 11 world regions by: fuel type & sulphur 
content; abatement technology; plant 







Exogenously estimated SO2, NOx and 
CO2 costs for each technology in each 
region in ¢/kWh of output electricity. 
Source: ExternE 
Externalities for each technology in 5 world 
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CO2 for fossil technologies; and in 
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Source: ExternE Germany
 
External costs from electricity generation in 
Germany adjusted to Vietnam by GDP and 
population density 
none 
Polish energy sector 
Partial equilibrium 
model 2002-2020, [8] 
Local SO2, NOx, particulates and CO2 
external costs for EU 15 in €/Mg 
Source: ExternE 
External costs adjusted by the PPP ratio. none 





model GREEN 1998, 
[4] 
Local external cost of SO2, NOx and 
total suspended particulate matter in 
€/ton for different thermal plants in 
different locations (100x100km) 
Externalities of nuclear and hydro 
power in ¢/kWh 
Source: Calculated (Ecosence) 
Damages from ten power plants at different 
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€ per kWh of energy carrier (e.g. 
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emission factors of heating plants. 
Source: ExternE Sweden 
Emission factors of plants. 
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damage costs from coal condensing power 
plants 
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heating system in 
Sweden 
MODEST model 
10 year period, [6] 
 
€ per kWh of energy carrier (e.g. 
electricity, fuel wood) due to damages 
of pollution by SO2, NOx, particulates 
and CO2, calculated by combining 
external costs of each pollutant and 
emission factors of heating plants. 
Source: ExternE Sweden 
Emission factors of plants. 
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SEK per kWh of energy carrier due to 
damages of pollution by SO2, NOx and 
CO2, calculated by combining external 
costs of each pollutant and emission 
factors of analysed heating plants. 
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€ per kWh of fuel due to damages of 
pollution by SO2, NOx, particulates and 
CO2, calculated by combining external 
costs of each pollutant and emission 
factors of heating plants. 
Source: ExternE Sweden 
Emission factors of plants. 
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turbine 2010 25 0.46 1.70 12.50 0.3 20 0.051 
Heat pump 2000 20 0.30 1.21 2.72  0  0  0 
Heat boiler nat. 
gas 2000 30 0.05 0.67 0.54 0.3 17 0.10 
Heat boiler 
straw 2000 30 0.32 4.02 19.28 47 80 17.52 
Heat boiler 
wood 2000 30 0.32 4.02 19.28 1.5 80 14.60 
Heat boiler 
wood waste 2000 30 0.32 4.02 19.28 1.5 80 14.60 
Coal CHP with 
carbon capture 2010 30 1.70 4.80 18.20 30 40 3.60 
Onshore wind 
turbine-1  2005 20 0.95 9.00 0  0  0  0 
Offshore wind 
turbine-1  2005 20 2.00 8.00 8.00  0 0   0 
Steam turbine 
biomass 2010 30 1.50 3.10 28.50 8 40 10.00 
 Open cycle gas 
turbine 2005 15 0.50 2.00 32.00 0.3 6 0.051 
Offshore wind 
turbine-2  2021 20 1.40 4.00 18.00  0 0   0 
 Onshore wind 
turbine-2  2021 20 0.80 0 15.00  0 0  0  
 Steam turbine 
coal 2010 30 1.40 2.00 18.20 30 40 3.60 
Source: [24,25] 
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Modelling energy savings in the Danish building sector combined with internalisation of 




                                                 
*
 Tel.: +45-46-77-51-74; fax: +45-46-77-51-99. 
   E-mail address: erzv@dtu.dk (E. Zvingilaite). 
DTU Management Engineering, Technical University of Denmark, 
Systems Analysis Division, P.O. Box 49, DK-4000 Roskilde, Denmark 
Abstract 
A substantial untapped energy saving potential rests in the building sector and is expected to play 
an important role in achieving reduction of environmental impacts of energy. In order to utilise 
this potential effective policy measures need to be adopted to remove the existing barriers and 
create incentives. For that purpose the cost effective energy saving options together with an 
optimal level of savings and expected environmental benefits have to be identified. The paper 
reports on a study that analyses these questions by including heat saving measures in buildings 
into an energy system optimisation model of the Danish heat and power sector. The achieved 
optimal level of heat savings reaches 11% of projected heat demand in 2025 under the model 
assumptions. Moreover, the analysis reveals the importance of considering energy conservation 
options in a system wide perspective. Furthermore the results suggest that changes in the energy 
generation sector are the prime driver behind the reduction of environmental externalities of 
energy. Heat savings in buildings play only a small role under model assumptions. 
Keywords: Energy savings, Energy system modelling, Environmental externalities 
Introduction 
The European building sector is responsible for about 40% of the total final energy consumption 
and around 36 % of the CO2 emissions in the European Union (European Commission, 2008). 
Energy saving potential in buildings is substantial and plays an important role in achieving EU 
energy objectives concerning climate change, security of energy supply and environmental 
protection. In connection to the Energy Performance of Buildings Directive (EPBD) several EU 
member states have reported significant energy efficiency improvements at moderate costs 
(European Commission, 2008).  
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Energy consumption for space heating in Denmark accounts for around a quarter of the primary 
energy use in the country. Here large energy saving potentials (up to 80 %) in buildings can be 
harvested according to different studies (BYG-DTU, 2004, Tommerup and Laustsen, 2008, 
Wittchen, 2009). The reason for such a high potential is that around 75% of residential and public 
buildings with a long lifetime were constructed before the end of the seventies when the first 
important tightening of building energy standards was introduced (Tommerup and Svendsen, 
2006). The majority of the remaining 25 % of buildings have much poorer energy efficiency than 
today’s standards. Around 70 % of heat, supplied to buildings in Denmark today is used to cover 
heat losses through elements of building envelope (Frandsen, 2006). A number of buildings in 
Denmark each year undergo extensive renovations, which gives an opportunity to implement heat 
savings in the building sector in a cost effective way. According to Tommerup and Svendsen 
(2006) it is important to ensure high energy efficiency standards of these renovations as they 
might affect energy consumption in buildings for several decades.   
The large unutilised energy saving potential in buildings is a consequence of the complexity of 
the building sector and the existing market failures, such as failure to fully internalise 
externalities in energy prices, imperfect information and other barriers. Adequate policy measures 
can remove the barriers and create incentives to tap energy saving potential in the building sector. 
However, it is important that benefits justify the costs of the efficiency improvement efforts. 
Therefore, the benefits of the energy saving investments have to be identified and quantified, the 
most advantageous and cost effective saving options need to be found and the optimal level of the 
technical heat saving potential has to be determined. 
Several studies analyse cost effectiveness of heat saving measures, using different 
methodological approaches. Sectoral studies of heat savings in buildings mostly focus on the 
costs of the measures and compare them with the assumed future energy prices with or without 
externalities. In Tommerup and Svendsen (2006) the criterion for cost effectiveness of different 
heat saving measures in the residential building sector is a positive net present value (NPV) of the 
investment. The benefits of the savings here are the avoided heating costs that depend on two 
exogenously assumed price levels of supplied heat. Gaterell and McEvoy (2005) in their case 
study evaluate cost effectiveness of heat saving measures in buildings in a similar way – using 
discounted cash flows. Additionally, they include externalities of energy, identified during 
ExternE project and consider the impacts of the changing future climate. Amstalden et al. (2007) 
also use discounted cash flow method for analysis of profitability of heat saving packages in 
residential buildings from the owner’s perspective, considering different policy incentives 
(subsidies and tax exemptions). The profitability is checked under different fuel oil price 
scenarios, including CO2 taxes. Jakob (2006) compares marginal saving costs with current and 
exogenously assumed future heat prices. He develops marginal cost curves of heat saving 
measures, based on empirical study of marginal costs of energy efficiency investments and the 
economic valuation of co-benefits of the improvements for the private sector, e.g. better indoor 
comfort level. However, these studies do not consider the energy system perspective. They focus 
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on the detailed representation of the conservation measures on the demand side while the supply 
side is greatly simplified. At the same time, in the supply side models, energy demand and its 
possible reduction by efficiency measures is usually treated exogenously. However, in the 
transition towards more sustainable energy sector it is important to find a balance between energy 
efficiency improvements and energy generation alternatives. Joelsson and Gustavsson (2008) to 
some extent include the heat generation perspective when comparing costs and benefits 
(including avoided CO2 costs) of different heat saving packages for a reference building with 
different heat supply alternatives. They also take into account changes in the electricity and 
district heating generation as a result of heat savings and different heat generation modes. 
Nevertheless the energy system is treated exogenously by assuming marginal technologies and 
fuels for power and district heating generation. A detailed energy demand in residential sector is 
analysed together with the whole energy sector in the UK MARKAL energy system optimisation 
model (Kannan and Strachan, 2009). Such method addresses the interaction between the building 
sector and energy supply system and reveals the implications of different choices more 
effectively. However, the focus of the study by Kannan and Strachan (2009) is on achieving the 
overall UK CO2 reduction goals and the cost effectiveness of different heat saving measures is 
not explicitly analysed here.  
In the study described here different heat saving measures in buildings are analysed and included 
in a system wide model of the heat and power supply in Denmark. The goal is to find an optimal 
level of heat savings in buildings from the socio-economic point of view and assess 
competitiveness of heat saving measures with different heat generation alternatives. Another goal 
is to evaluate the possibilities to reduce external local health and global climate change impacts 
of emissions from energy production, when monetary value of these effects is included into the 
optimisation. The role of cost effective heat savings in buildings is very important and therefore 
interesting in this context. The analysed heat saving measures – energy efficiency improvements 
of building envelope – are regarded as a pollution free technology to cover the demand for 
thermal indoor comfort. 
The method 
In this work the possibility for endogenous heat saving investments in buildings is included in an 
energy system optimisation model. Most of the studies on heat savings in buildings do not 
include energy system side and thus fail to reflect the interaction between the demand and supply 
sectors. Energy demand for space heating and hot water can be supplied by a number of different 
technologies either individually to a building or by a collective supply system, such as District 
Heating (DH) system. Characteristic for heat supply is that the supply is limited to a certain 
geographical area – a building, group of buildings or a DH area, each with certain heat 
production mode and therefore different costs of heat. Therefore the optimal level of heat savings 
in each of these areas has to be determined separately as heat savings in each area compete with 
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heat generation alternatives in that particular area, as opposed to an average or a marginal heat 
generation in the whole (e.g. national) energy system. An energy system optimisation model, 
which distinguishes different heating areas by geography and technology, is used here. The 
optimisation model is used in order to identify the optimal savings level, as opposed to simulation 
model, where the saving level is determined manually and the consequences for energy system 
and benefits are found as a result.  
Just like different heat generation and supply areas imply different heating costs, different 
composition of building stock within these areas entail different heat saving potentials and costs. 
Hence, just as it is important to consider actual heat supply alternatives within different areas, 
they have to be compared to existing heat saving possibilities as opposed to an average or 
marginal heat saving prices for the whole building stock in a country. In this study each heat 
supply area in addition to heat demand and generation technologies is also characterised by a 
composition of buildings and their current state.  
The study described in this paper takes the socio-economic perspective and does not include 
benefits of energy efficiency improvements of buildings for private owners. The monetary values 
of the global climate change and local health externalities are included in order to reflect the 
environmental/societal benefits of the savings. Air pollution is the core environmental externality 
of the energy systems such as the Danish one, dominated by thermal plants. The Danish heating 
sector contributes to global and local air pollution either directly through individual heating by 
combusting various fuels, such as natural gas, oil or biomass or indirectly through centralised 
district heating or power plants (for electrical heating). The average heating season is long – lasts 
from September to May. Thus it is a long period, where the polluting heat generation causes 
environmental impacts.  
As district heating system is widely adopted in Denmark and is dominated by combined heat and 
power generation, the heat sector is analysed together with the electricity sector.  
The model 
An energy system optimisation model Balmorel of the Danish heat and power system is used to 
analyse the potentials of heat savings in buildings and their competitiveness with heat generation 
technologies. Balmorel is a linear optimisation model of power and heat systems, which was 
originally developed for analysis of heat and power sectors in the Baltic Sea Region (Ravn et al., 
2001). Balmorel minimises annual heat and electricity generation and supply costs (Karlsson and 
Meibom, 2008). For this study, only investments in energy generation and heat saving measures 
are included – investments in supply infrastructure are not analysed.  
Demand for both electricity and heat is given exogenously in the model and investments into 
energy conservation are not originally a part of optimisation. Therefore, the model, used for the 
analysis in this paper is expanded by including a possibility to invest into energy performance 
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improvements of the existing buildings – heat saving measures. The underlying principle is that 
the given heat demand in the model can be covered by either different heat generation 
technologies or by implementing heat saving measures in buildings. Clearly, heat savings 
measures do not cover heat demand in buildings, but rather reduce it by improving energy 
efficiency of building elements and reducing heat losses. Heat saving measures, just like heat 
generation and supply, cover demand for thermal indoor comfort. In this way heat saving 
measures and heat generation technologies compete in the optimal solution just as all heat 
technologies compete against each other. In the model heat savings are included in heat 
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Here P (MW) is heat production (including unloading of heat storage), S (MW) is heat storage 
loading, DH (MW) represents the exogenous heat demand and HS (MW) includes the performed 
heat savings and finally DLH (%) accounts for losses in the district heating distribution system. 
Indices h, a, s, t represent respectively a heat generation technology, a geographical heating area, 
a season within a year and a time slice within a season. Hourly variation of heat savings follows 
heat demand variation – thus annual savings (kWh/m2) are distributed throughout a year. 
The savings (HS), implemented in a heating area, are calculated by multiplying building area (AI, 
m2), which corresponds to investments into improvements of different building elements (l) in 
different buildings (b) with specific heat savings (SHS, kW/m2), which can be achieved by 







001.0                 (2)  
 
Possibility to invest into four heat saving measures (l) – insulation of walls, roof and floor and 
replacement of windows with more energy efficient ones in 175 different  existing building types 
(b) by purpose and age constitutes heat saving potential in the model that can be utilised. Heat 
savings are assumed to be implemented only in buildings that are undergoing renovation – 
maintenance activities, such as plaster renewal, roof maintenance etc. However, these activities 
do not improve energy efficiency of the building envelope (except for window replacement, 
which would lead to improved energy-related quality, but this has not been taken into account 
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here). Consequently investments into energy improvements in different building types should not 
exceed the expected yearly renovation rate (equation 3).  
 
bbalba RAAI ⋅≤ ,,,           (3) 
 
The equation limits the floor area (AI, m2), which corresponds to investments into improvements 
of different building elements (l) by the share (R, %) of a total area (A, m2) of different building 
types (b) that undergo renovation yearly.  
Geographical division of heat and power systems in Denmark is included in the model (see 
Figure 1 and Appendix 1). Electricity system is divided into two geographical regions – East 
Denmark and West Denmark with a limited transmission capacity between them. For heat sector 
the division by both, geographical location (east and west) and by technology is included. Three 
groups of (heating) areas are distinguished in eastern and western Denmark – district heating with 
combined heat and power production (CHP, 19 areas), district heating with heat only  production 
(HEAT ONLY, 2 areas) and individual heating areas (IND, 2 areas). The resulting 21 district 
heating areas are not interconnected; hence heat demand must be covered by the production 
within an area. Each heating area is characterised by a composition of different building types. 
Location of different building types is identified by a GIS-based Danish Heat Atlas which maps 
distribution of the building stock, their heat demand and heat source as well as heat supply 
infrastructure in Denmark (Möller, 2008).  
The geographical location of energy plants is important, when local health related externalities of 
air pollution from energy production are taken into account (Zvingilaite, 2010). Different 
locations of the plants with respect to populated areas and in combination with prevailing wind 
direction can result in health impacts of different degree (Andersen et al., 2008). Thus health 
related external cost Cahealth (EUR) of energy production in each area (a) depends on the amount 
of emissions (EMp,a, t) of different local pollutants (p: SO2, NOx, PM2.5) and the health damage 
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Geographical variation of health damage costs of different air pollutants depends on a couple of 
factors – weather conditions (e.g. wind) and population density in the affected area, but also other 
pollution sources and pollutants in the atmosphere, which can have an effect on chemical 
transformations and resulting increased pollution concentrations (Andersen et al., 2008, 
70 
 
Czarnowska and Frangopoulos, 2012, Krewitt et al., 1999). In Heath and  Nazaroff (2007) intake 
fractions (within 100 km radius from the source) of pollutants, emitted from central electricity 
plants also seem to vary notably among the 25 analysed power plants in California – hence, 
health damage costs would also vary. Zvingilaite (2010) has demonstrated that geographical 
variation of the internalised health costs of local air pollutants from heat and power generation 
can have an effect on the optimal heat and power generation. The same variation (based on 
Spanish data) has been used in this study and applied to district heating and large power plants. 
Although, such variation can be overestimated, in the absence of the different spatial health cost 
for the Danish plants, variation, based on differences in the external costs for energy plants in 
Spain has been used. As a result, the effect of included external cost variability might be 
overestimated.  
In the analysis by Heath and Nazaroff (2007), intake fraction also varies between small-scale 
distributed generation technologies, located in 11 cities. The variation is however smaller than for 
large plants.  Clearly, health effects and damage costs of individual heating technologies also 
vary for different locations, especially between urban and rural sites. However, the two individual 
heating areas, included in the model (Appendix 1) have not been further divided into urban and 
rural locations. Thus, one level of health damage costs of local pollutants have been attributed to 
all individual generation technologies. If the urban/rural localisation was included, individual 
technologies, such as biomass-based boilers would be more advantageous in rural locations. 
Ideally, a comprehensive atmospheric dispersion modelling (Andersen et al., 2008) should be 
performed along with energy system analysis in order to assess the real effect of reducing air 
pollution from energy plants. However, such integrated modelling is highly time consuming and 
not feasible from practical point of view. Hence, while the values for health damage costs are 
based on the atmospheric air pollution modelling, damage assessment and monetary valuation for 
the Danish sources, the spatial variation, based on Spanish data, can be regarded as artificial. 
Nonetheless, this article describes and includes some of the aspects, which might be missed, in 
the absence of spatial resolution in energy modelling. The method, described here and 
implemented in the model, can also be used for other countries, as well as with updated data for 
the pollution and externalities, related to the Danish energy generation, and for different spatial 
division in the model. 
The sketch of the main heat and power demand and generation elements in the expanded and 





Figure 1 The modified Balmorel model for analysis of heat savings in buildings 
 
The optimisation problem in the model is to minimise the overall yearly costs of a heat and 
power system. The objective function used for the analysis in this paper is simplified here 
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As it was mentioned, heat production (both in existing and possible new plants) and heat saving 
options compete on the basis of the heat costs. The investment costs of heat savings in the model 
are compared to costs of producing heat by different technologies, including global CO2 and local 
health external costs. Heat production costs include investment, operation and maintenance as 
well as fuel costs, while heat savings include only investment costs. Annualised investment costs 
of heat saving measures (and energy generation technologies) are included in the model. The 







         (6) 
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Here DR is discount rate and LT is lifetime of investments. A 5 % socioeconomic discount rate 
has been used in the calculations. Such discount rate has been also applied in the calculation by 
the Danish Commission on Climate Change Policy (Klimakommissionen, 2010). In the Climate 
Plan, prepared by the Danish Society of Engineers (Mathiesen et al., 2009) it is argued that a 3 % 
discount rate should be used for the long-term investments in energy sector. Thus, a 5 % discount 
rate can be considered high and annual investment costs might be overestimated. Discount rate 
has in particular impact on capital intensive investments – the higher the DR the higher are 
annualised costs. Consequently, it can be expected that with 3 % discount rate more heat savings 
could be cost-effective in the model. 
It has been assumed that the amount of heat, saved by each implemented heat saving measure 
remains constant throughout the lifetime of a measure. 
Data and scenarios  
This section includes description of data collected and used for the analysis. Firstly data, 
describing heat savings in buildings – the cornerstone of the analysis – is presented. Next other 
data and scenarios for sensitivity analysis are described. 
Heat savings in buildings 
Literature study of heat saving potentials in the existing buildings and the costs of different 
saving measures in Denmark has been performed in order to include heat saving investment 
options in Balmorel model. The costs of four saving measures – additional insulation of walls, 
roof, and floor and replacing of windows – have been estimated for buildings of different purpose 
and age. The heat saving potential of each measure depends on the prevailing energy 
performance of buildings, which originally was determined by energy efficiency requirements at 
the time of the construction. The better the efficiency of a building the lower the heat saving 
potential and the higher the cost of saved heat unit of a saving measure. In practice, if heat saving 
measures are combined, energy savings gained, would slightly decrease and heat saving costs 
would somewhat increase (Jakob, 2006 and Kragh and Rose, 2011). However, this aspect has not 
been included in the current study and heat savings can therefore be overestimated in the model. 
However, such simplification is expected to have only small effect on the results. 
Energy efficiency of building elements is expressed by the values of the heat transfer coefficient 
u (W/m2K). Average area-weighted u values for building elements of 175 existing building types 
were used to describe current state of the building stock in Denmark (Wittchen, 2004 and 
Wittchen, 2009). Implemented heat saving measures of building envelopes are considered to 
improve energy efficiency of different elements so that their heat transfer coefficients comply 
with today’s energy efficiency requirements for extensions or large rebuilding (Tommerup and 
Laustsen, 2008). Since in this study it is assumed that energy efficiency improvements of 
building elements are implemented only for the buildings that are undergoing 
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renovation/maintenance, the costs of saving measures include only incremental costs for 
additional insulation, or choice of windows of higher energy efficiency (see Table 1).The general 
assumption is that every year 2% of the residential building mass undergoes renovation (BYG-
DTU, 2004). This assumption is applied to the buildings of other purpose as well. 
     Table 1 Marginal costs of energy improvements in buildings 
Building element cost, EUR/m2element Lifetime, years 
Wall 47.3-82.8a 40 
Floor 47.0 40 
Roof 26.9 40 
Window 40.3 20 
  
adepends on type of the wall 
Source: BYG-DTU (2004), Tommerup and Laustsen (2008), Wittchen (2009) 
 
When renovating, windows are usually replaced anyway and the marginal cost of this measure 
could be assumed as zero. Here the 40.3 EUR/m2 of window includes the cost of choosing a more 
energy efficient window type, than otherwise would be chosen. The lifetime of the saving 
measures is based on the recommendations of the Danish Energy Agency in relation to Energy 
Labelling of buildings (Tommerup and Laustsen 2008). 
Scenarios and other data 
Two main scenarios are analysed for year 2025– Low Cost and High Cost. Table 2 includes a 
short description of the scenarios.  
Table 2 Scenarios modelled for year 2025 
 Low Cost High Cost 
Fuel Prices low high 
CO2 cost, EUR/t 15 50 
Health costs no yes 
Heat demand, TWha 62.3 
Electricity demand, TWha 38.4 
aExcluding transmission losses, source: Andersen and Grohnheit (2009) and Lund (2008)  
 
Final heat and electricity demands for year 2025 are given exogenously in the model (Table 2). 
Heat demand includes the demand for space heating and hot water both for district heating 
consumers and for consumers with individual heat production technologies. The exogenous heat 
consumption is based on heat demand in existing buildings (without heat savings) and also 
includes a small increase due to new constructions. The exogenous final energy demand in the 
model is independent of the fuel and thus final energy prices. The main reason for this 
assumption is the goal of this analysis – to investigate the cost competitiveness of different 
technical heat saving measures in buildings against heat generation technologies under different 
fuel and externality price scenarios. While energy demand elasticity to energy prices includes 
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reduction in energy consumption due to both behavioural and technical changes which are not 
separable in such estimations.  
The “low” fuel prices (Table 3) are based on the latest recommendations by the Danish Energy 
Agency for the socio-economic calculation assumptions (DEA, 2009a, DEA, 2009b). The oil 
price corresponds here to 95 USD/barrel in 2009 as point of departure for price development. The 
“high” fuel prices are based on the “low” prices and the increase of the oil price to the recent peak 
of 150 USD/barrel in July 2008 (EWEA, 2009) as point of departure for price development. It is 
assumed that the “high” prices for other fuels follow the price of oil with certain elasticity. The 
elasticities used are taken from Karlsson and Meibom (2008) and there is no scientific evidence 
for the particular values. The cost of municipal waste is negative and assumed to stay constant, as 
the waste incineration plants are paid to treat the waste (Münster, 2009). The model includes the 
constraint on the availability of municipal waste, biomass (DEA, 2009c) and other renewable 
energy resources, such as solar and wind energy. 
Table 3 Two levels of projected fuel prices in 2025 in EUR 20072 
 Low price, EUR/GJ High price, EUR/GJ 
Fuel oil 11.1 17.6 
Natural gas 10.0 15.0 
Municipal waste -3.0 -3.0 
Coal 4.2 7.4 
Wood pellets 10.2 11.5 
Straw 6.4 7.7 
 
The low CO2 price (Table 2) is based on the carbon trading price, which in fall 2009 was around 
15 EUR/t (PointCarbon, 2009). The high price of CO2 is based on the IPCC overview of different 
model results of various emission stabilisation scenarios (IPCC, 2007). The model with highest 
cost estimate at 550 ppm stabilisation scenario in 2030 gives CO2 price of around 50 EUR/t, 
which is adopted for High Cost scenario. The 550 ppm stabilisation target has been chosen as the 
minimum target indicated by the Stern Review on the Economics of Climate Change and in the 
World Energy Outlook 2008 (IEA, 2008). Such target assumes absence of a common binding 
agreement in the world and would lead to moderate efforts to reduce CO2 emissions.  
Human health related external costs of three classical local air pollutants – NOx, SO2 and PM2.5 
have been added in the model, taking into account differences of these costs due to the 
localisation of energy plants with respect to the populated areas and the prevailing wind direction. 
The dominating wind in Denmark is west wind and the released pollutants are mainly transported 
to the east. The local, health related external costs, included in the model and assigned to 
different areas are documented in Table 4 and Table 5. 
                                                 
2
 1 EUR=7.45 DKK (Danmarks Nationalbank, 2007) 
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Table 4 Health related external costs of pollutants taking into account localisation aspects, EUR 20063 
Area SO2 Cost, EUR/t NOx Cost EUR/t PM2,5 Cost  EUR/t 
The average cost 9100 5870 10900 
The high cost 13542 10483 18533 
The low cost 5962 2533 7595 
The cost  for 
individual heating  32550 9222 29200 
       Source: Brandt et al. (2009) 
 
Table 5 External health cost level assigned to different heat areas  
Cost level Area 
High cost 
DK_E_1, DK_E_3, DK_E_4, DK_E_5, DK_W_Rural, DK_W_Urban, 
DK_W_Aalborg, DK_E_PUREDH, DK_W_PUREDH 
Average cost 
DK_E_2, DK_E_Rural, DK_W_1, DK_W_2, DK_W_3, DK_W_4, 
DK_W_Trefor 
Low cost DK_E_Urban, DK_W_6, DK_W_Odense, DK_W_Aarhus 
 
The average health external costs include costs of air pollution, related to impacts on human 
health, caused by the Danish energy production in the country and in other affected countries. In 
order to include localisation aspects the variation in health externality costs (high and low costs) 
is calculated, based on deviations from average of maximum and minimum local external costs in 
Spain (Linares et al., 2006). For health related external cost, caused by pollution from individual 
heating technologies, the local external cost of transport is used (Brandt et al, 2009). This 
assumption is based on Gulli (2006), who, on the basis of ExternE simulations, states that it is 
reasonable to use the local external impacts of transport for local externality cost of small-scale 
distributed generation. According to the study by Heath and Nazaroff (2007) for California, 
intake factor and thus health costs of pollution from small distributed generation plants is 
considerably (around 20 times) higher than that of large electricity plants. They compare intake 
factors of small distributed generation plants, located in cities with the factors of large plants, 
located in more remote areas. Hence, the difference between intake factors is considerable. In 
Denmark, due to extensive heat planning, individual heat generation technologies are mostly 
installed in the suburbs or outside the cities and towns – in rural areas. Large energy plants can 
also be located in cities, e.g. close to harbour area. Thus, while health costs of pollutants from 
individual heat generation are higher than for large energy plants, the difference in Table 4 is 
smaller than in Heath and Nazaroff (2007). 
Health damages from air pollution and the monetary value of these damages are characterised by 
significant uncertainty. This is due to the scarcity of empirical data for quantifying the response 
to exposure to air pollution and due to rather new approaches and methods for monetisation of 
                                                 
3
 Conversion factor between EUR 2006 and EUR2007 is 1.02 (DEA, 2009b) 
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these damages, in particular mortality. Mortality accounts for around 80% of health damage costs 
of local air pollution in Europe (Krewitt et al., 1999). Currently two monetary valuation methods 
are used – VSL (Value of Statistical Life) and VOLY (Value Of Life Year). External costs of 
health used in the analysis include VSL for acute mortality and VOLY for chronic mortality. 
Some studies, for instance Bollen et al. (2009), use VSL for both acute and chronic deaths. For 
sensitivity analysis two times higher health costs of local air pollution are internalised in the 
model, assuming higher mortality valuation. Scenarios for sensitivity check, with higher health 
costs are marked with “HighHealth”. All the scenario variation cases and a short description are 
listed in  Table 6. 
 Table 6 Scenario variations analysed in the article 
 






a) LowCost The main low fuel and CO2 cost scenario 
b) LowCost_NoExt The Low Cost scenario without environmental 
externalities (CO2 cost is zero) 
c) LowCost_Health The Low Cost scenario with health externalities 







a) HighCost The main high fuel and CO2 cost scenario with health 
externalities 
b) HighCost_NoElH The High Cost scenario without heat pumps or electrical 
heaters in district heating system 
c) HighCost_HighHealth The High Cost scenario with high human mortality 
valuation 
d) HighCost_NoSavings The High Cost scenario without heat saving possibility 
 
Heat pumps seem to be a cost effective technology option for heat production in both district 
heating and individual heating sectors, taking into account future fuel price developments, CO2 
costs and human health related externalities. On the other hand, there are still uncertainties 
related to the prices of heat pumps, their efficiency (coefficient of performance COP) as well as 
reasonable potential for installing this technology. Therefore, a scenario variation where no 
investments into electricity to heat technologies are possible (HighCost_NoElH) has been 
calculated.  
All scenarios by default include heat saving possibilities, while those that do not are marked with 
“NoSavings”. These scenario cases are used to analyse the significance of the cost effective heat 
savings in reducing externalities of heat and power sector.  
Technical, environmental and cost data of the technologies, available for investment in the year 
2025 are provided in Appendix 2.  
Results and discussion 
This section presents the results of including heat saving possibilities as alternatives to heat 
generation in the optimisation model. The results include the cost effective level of heat savings, 
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implemented saving measures and costs of saved heat, as well as fuel mix of heat production and 
resulting externalities of the analysed heat and power system.  
Heat savings 
The estimated heat savings potential in the model, when insulating walls, roofs, and floors and 
replacing windows with more efficient ones in Danish buildings, reaches 28.5 TWh (Figure 2) 
and amounts to around 46 % of the estimated heat demand in 2025. This is a long-term heat 
saving potential that can be implemented over the next several decades. The share of heat 
demand that can be reduced by the year 2025 in the model depends on the assumed renovation 



















































Figure 2 heat savings marginal cost curve and implemented heat savings in different scenarios in 2025 
 
The highest implementation of heat savings in buildings, which has been achieved under the 
assumptions of the analysed scenarios accounts for almost 11% of the total heat demand (Figure 
2). This is achieved in the model run with high fuel and CO2 price estimates and no possibilities 
to invest in heat pumps or electric heaters (HighCost_NoElH scenario). For comparison, the high 
cost scenario with electricity to heat technologies achieves heat savings of only around 6% of 
heat demand. This also indicates that electricity based heat production, particularly in heat 
pumps, competes with heat saving measures in buildings. Some heat saving investments with the 





























implemented in low fuel price and CO2 cost scenario (LowCost). These savings cover around 3 % 
of the initial heat demand. 
The mentioned fraction of heat demand, reduced by heat savings has to be seen here in the light 
of the expected heat saving potential in the year 2025 (Figure 3). The potential has been 
estimated taking into account the cumulative amount of renovation works by that year. Although 
the identified total technical potential for heat savings in buildings is ~ 46 % of the heat demand 
in the model, it is clear that the potential by the year 2025 does not go above 20% of heat demand 
apart from a couple of heating areas, distinguished in the model (Figure 3).  
In Figure 2 the cost curve of heat savings is shown. The graph is constructed in such way that it 
indicates the marginal cost of heat savings at each saving level. It is assumed that the heat saving 
measures with the lowest cost (combination of the measures and the initial state of different 
buildings) are implemented first. Thus the curve along the x-axis shows the cumulative heat 
saving potential of the cheapest saving measures per kWh of heat saved to that point.  
Vertical lines in the figure 2 indicate the heat savings level achieved in different scenarios. At the 
intersection of these vertical lines with the marginal cost curve one should be able to find the 
marginal cost of these heat savings. However, only a limited share of buildings will undergo 
renovation before 2025. Therefore, savings potential of each saving measure in each type of 
building is in the model smaller than in figure 2. Furthermore, this curve fails to put heat saving 
possibilities into the context of different heat supply systems (heating areas) with different heat 
generation technologies, fuels and costs that different buildings, represented in the curve, receive 
their heat from. This means that in the actual setup as well as in the model there will be heating 
areas with high heat saving potentials and low heat production costs where even low cost heat 
saving measures are not economically viable. On the other hand, in other areas with high heat 
production costs, such as e.g. individual heating, heat saving measures with higher costs are 
implemented. Consequently, in the model heat savings measures are not implemented in the 
order indicated in the Figure 2. Figure 3 compares the heat saving potential in each heating area 
with the highest heat saving achieved during this analysis (in scenario HighCost_NoElH). In 
different areas heat savings potential depends on the initial energy efficiency state of the building 
stock in the area. The saving potential in the two individual heating areas is lowest. In the 
HighCost_NoElH scenario the heat saving potential is utilised by around 60% in average. In 
individual heating areas 75 % of the saving potential is utilised, which is the most of all areas. 
The smallest part (30 %) of potential heat savings is implemented in DK_W_3 area with cheap 
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Figure 4 Heat savings in different areas under different scenarios 
 
Heat saving levels in different heat areas under different cost scenarios are shown in Figure 4. In 
low fuel and CO2 price scenario (LowCost) heat savings are implemented in buildings with 
individual heating technologies (40% of heat saving potential is utilised there) and are negligible 
in the district heating areas. Individual heating is more costly than heat, supplied from the district 
heating plants (also because it is assumed that technologies in these areas have to be replaced), 
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and therefore more heat savings are cost effective in these areas. The added human health related 
externalities (LowCost_Health) induce heat saving investments mostly in the areas with high 
health externality costs of heat production. Here district heating areas with heat only production 
should be mentioned. The internalised external costs of local air pollution induce larger heat 
savings in heat only areas than in most areas with cogeneration. It should also be noted that, 
while in HEAT ONLY areas existing boilers are assumed to be phased out by 2025 and new 
investments have to be made, in areas with CHP plants some of the existing technologies are 
assumed to still be operating in the year of the analysis, hence less new investments are required.  
In individual heating areas heat savings are already cost effective before health externalities are 
included therefore the external costs do not induce significant growth in savings there. This can 
be furthermore explained by rather low heat saving potential (only around 14%) in areas with 
individual heating.  
As it can also be expected heat savings increase notably with high fuel and CO2 costs in HighCost 
scenario. On the other hand, heat production cost and attractiveness of heat savings in the areas 
with combined heat and power production depend also on the electricity production technology, 
which is dominated by thermal cogeneration plants and wind power plants in Denmark. For 
instance no heat savings are implemented in the DK_W_3 area in the scenarios (Figure 4). Here 
heat and power is produced in the existing municipal waste cogeneration plant where the negative 
fuel cost and no need for large new capacity investments results in low heat production cost. 
Consequently, heat savings have no cost related advantages in this area under scenarios in Figure 
4. While in the DK_W_Urban area heat savings are cost effective already in low cost scenario 
when health externalities are included (LowCost_Health). Emissions from this area cause high 
health externality costs and coal based combined heat and power production cost becomes high. 
As a consequence electricity is instead produced in other areas with lower local externality cost 
and heat savings come in together with increased heat pump production. Hence, the cost of heat 
production and its competitiveness with heat savings in an area depends also on whether it is cost 
effective to produce electricity in a combined heat and power plant or not. 
Implemented heat savings in different heating areas in the model replace marginal heat 
generation technology. Heat savings have an effect on heat generation during heating season – in 
winter and not during summer, where heat is only used for hot water preparation. The hourly 
profile of the included heat savings is fixed. Implemented heat savings can affect dispatch of 
combined heat and power plants by reducing their operation and electricity production would 
shift to other technologies, e.g. thermal condensing or wind power plants. In case of a district 
heating area with a high share of combined heat and power generation, a CHP plant would be a 
marginal production unit. Thus, reducing heat consumption in such heating area would also 
reduce electricity generation in a CHP plant. In this situation cost-effectiveness of heat saving 
investments depends on electricity load and alternative electricity generation technology. If 
alternative electricity generation cost is significantly higher, less or no heat savings are 
implemented. Gustvasson et al. (2011) find that less primary energy savings are achieved when 
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energy efficiency measures in buildings reduce combined heat and power generation and 
electricity has to be produced in coal-based condensing plants instead. Such relation is valid for 
backpressure cogeneration plants. In case of extraction plants, reduced heat production can be 
desired if more electricity production is required by the plant. In the district heating or individual 
heating areas with heat only generation in boilers, implementation of heat saving measures 
depends on technology, and fuel and environmental costs. Cost-effective savings would reduce 
operation (and capacity investments) of boilers, as well as fuel consumption and emissions. 
When electricity is used for heat production in e.g. heat pumps, heat costs can vary, depending on 
electricity availability and prices. Here heat saving measures reduce electricity load and cost 
effectiveness and implementation of savings depends on the dominating low or high electricity 
prices. In hours with surplus electricity, prices are low and heat generation costs are also low. 
During the hours with high electricity demand and low e.g. wind production, electricity prices are 
high and heat generation costs also increase. Thus heat saving investment decision depends on 
the dominating marginal heat generation technology in a heating area and the effect on the whole 
heat and power system. However, hour by hour dispatch has not been explicitly analysed in this 
study. It should be also noted that available heat storage capacity can level out heat prices to 
some extent, which can have an effect on implementation of heat savings. 
Average costs of implemented heat savings in heating areas with combined heat and power 
generation, district heat only production and individual heat production are compared in Figure 5. 
In individual heating areas average heat saving costs are higher than in district heating areas in 































District heating areas in average have a higher heat saving potential and lower costs of saved 
heat, while individual areas have a lower saving potential and higher associated costs. 
Furthermore, for individual heat production costs (investments, fuel and local externality costs) 
are in general higher than for district heating production.  
Clearly, more expensive heat savings measures are cost effective, when high fuel and CO
 2 costs 
are assumed (HighCost scenario). Furthermore, even more costly heat savings become viable, 
when electricity to heat technologies are not available in the scenario HighCost_NoElH (Figure 
5), which indicates a competition between heat savings and primarily heat pump technologies. 






























Figure 6 Implemented heat savings by different measures in different scenarios in 2025 
 
The replacement of windows is dominating due to its low cost and high heat saving potentials. 
Roof and wall insulation is also implemented where the heat production costs are relatively high 
and heat saving potential is significant. Obviously, these generally more costly heat saving 
measures are to a higher extent implemented in HighCost scenario and when electricity to heat is 
excluded from the model (HighCost_NoElH scenario). The results show that the most cost 
effective heat saving measures are implemented in the model up to the limit, defined by the 
cumulative rate of renovation works until 2025. The higher implementation of these measures 
would improve the value of the objective function and reduce the costs of heat and power system. 
However, the additional energy efficiency improvements beyond the renovations that anyway are 
performed would have to bear a full renovation cost (not only the incremental cost) and will 




Figure 7 shows heat production allocated to fuels. When fuel and CO2 prices are low (LowCost 
scenarios) heat is produced using fossil fuels and municipal waste, mainly in cogeneration plants, 
and electricity, primarily in heat pumps. With high fuel and CO2 prices (HighCost scenarios) heat 
demand is covered to a higher degree by using renewable resources (biomass and solar), and to a 



































Figure 7 Heat production by fuel in 2025 (fuel “Electric” covers electricity based heat production in district 
heating and individual heat pumps as well as electrical heaters in district heating system) 
 
When global CO2 cost is added in the LowCost scenario and human health related externality 
costs are included in the LowCost_Health scenario, coal based combined heat and power 
production decreases and electricity based production of heat increases, when compared to 
LowCost_NoExt scenario. Municipal waste-based heat production becomes less advantageous, 
when human health externalities are taken into account. Waste based production increases again 
in HighCost scenario when fuel prices increase (municipal waste price remains the same - 
negative) and the cost of CO2 is 50 EUR/t. Noteworthy here is that electricity based heat 
generation decreases in HighCost scenario. This is a result of increased electricity generation 
costs in thermal power plants and hence electricity to heat production costs, in consequence of 
which more heat savings as well as biomass- and solar-based heat becomes economically viable. 
When human mortality is valued higher, more electricity based heat is produced again as higher 
mortality cost estimates in HighCost_HighHealth scenario lead to reduction in municipal waste 
consumption for heat production.  
Electricity consumption for heat generation is included in electricity balance and more power has 
to be produced. Thus electrical heat generation depends on production of electricity. In low fuel 
and CO2 cost scenarios electricity and heat production in coal-based plants is cost-efficient and 
also covers electricity consumption in heat pumps and electric heaters to some extent. When 
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global CO2 and local health costs are internalised, coal-based electricity and heat production costs 
increase and generation decreases. The reduced energy generation is covered by low emission or 
pollution-free electricity production by e.g. wind power plants, which also covers increased 
electricity-based heat production (which substitutes reduced coal-based heat). In this case the 
share of combined heat and power production in the model decreases. When fuel and emission 
costs increase, coal (and natural gas) consumption for heat and power generation decreases 
further and also less electricity is consumed for heat production. More heat is produced in 
biomass-based cogeneration plants and solar collectors. Utilisation of heat savings potential in 
buildings also increases considerably, with high fuel and CO2 prices (HighCost scenario) when 
compared with LowCost scenarios (Figure 4). Hence, cost-effectiveness of heat production in 
heat pumps and electric heaters depends on electricity generation costs. Electrification of heating 
sector in district heating areas can lead to reduced combined heat and power production. 
Heat production with (HighCost) and without (HighCost_NoElH) electricity to heat technologies 
has been compared. It should be noted that in almost all scenarios electricity based heat 
generation is dominated by small scale heat pump production in individual heating areas.  Figure 
8 compares the two scenarios and two main conclusions can be drawn here. First, exclusion of 
heat pumps and electrical heaters leads to increased use of natural gas and wood, in particular 
natural gas in individual heating sector. Second, decrease in heat production indicates larger heat 





































Figure 8 Heat production by fuel with and without investments into heat pumps 
 
The competition between electricity to heat production and heat savings can also be seen in 
Figure 9. Heat generation using electricity in individual and district heating areas are compared in 
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two variations of low cost and high cost scenarios – LowCost_NoSavings and LowCost, and 
HighCost_NoSavings and HighCost. It is clear that less heat is produced in heat pumps (mainly in 
individual heating areas), when it is also possible to improve energy efficiency of buildings. The 
effect is twice as large for the high cost scenarios, than for the low cost scenarios. That is because 
more heat savings are cost effective, when fuel and CO2 costs are high and heat pump production 
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Figure 9 Electricity based heat production with and without the possibility for heat savings 
 
Local and global air pollution and externalities 
Figure 10 presents the ex-post total external health costs of the heat and power sectors in 
Denmark for different scenarios in 2025 and Figure 11 shows the corresponding CO2 emissions. 
Point of departure (the first column in the figures) in this comparison is the low cost scenario 






































































































































































Figure 11 CO2 emissions of different scenarios in 2025 
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Internalising global externalities by including low CO2 costs (LowCost scenario) results in 17 % 
decrease in CO2 emissions and 15 % decrease in system’s health damage cost. Reduction of CO2 
emissions here gains additional benefits – reduced heath costs. When health externalities are also 
internalised in LowCost_Health scenario, ex-post health related external costs further decrease 
considerably – by 27 %, while CO2 emissions do not decrease further and stay at the 
approximately same level. In general, in the LowCost scenario variations internalising global and 
local externalities leads to reduction in emissions and negative health impacts of the analysed 
energy system. At the same time energy production costs increase only marginally – by only up 
to 1 %, under the assumptions of this model. Here the analysed heat and power system with 
included technological alternatives proves to be flexible and able to reduce negative external 
impacts at almost no cost.  
When high fuel prices and high CO2 costs are assumed in the HighCost scenario (with the same 
level of health costs), the ex-post health related external costs of heat and power production 
increase by 11 %, when compared to LowCost_Health scenario. This can be explained by 
increased burden and therefore importance of CO2 costs as well as high fuel (especially fossil 
fuel) prices. Health damage costs become less significant, compared to other factors, and the total 
system health external cost is the result of local air pollution of the optimal investment and 
operation decisions. At the same time CO2 emissions decrease considerably – by 72 %, also due 
to significantly higher fossil fuel prices and therefore lower consumption of these fuels. Local air 
pollution however does not decrease because energy production is to some extent shifted to 
biomass, which causes release of local air pollutants. 
Increase in both external health costs and CO2 emissions when the possibility to produce 
electricity based heat is excluded (the last column in Figure 10 and Figure 11) shows 
environmental benefits of this type of production, even though they might cause emissions 
indirectly – through electricity generation.  
Heat and power generation decisions are endogenous in the model. Additional electricity 
consumption due to heat production in heat pumps and electric heaters is included in the 
electricity balance equation in the model and has to be covered by increased electricity generation 
in existing or new plants. Increased electrification of heating in LowCost and LowCost_Health 
scenarios (Figure 7) replaces mostly coal-based heat (and power) generation and waste to energy 
production respectively. Additional electricity consumption is covered by low pollution or 
pollution-free and/or renewable energy technologies, such as wind power plants. Thus, emissions 
and external costs decrease. When comparing scenarios with and without electricity to heat 
technologies (HighCost and HighCost_NoElH), electricity replaces a large share of natural gas-
based and also biomass-based heat generation and related emissions (Figure 8). Even though 
increased electricity consumption to some extent is covered by increased coal generation, low 




The white columns in Figure 10 and Figure 11 show the results of the scenarios where heat 
saving possibilities were not included in the model. From the figures it can be seen that the 
implemented cost effective heat savings in different scenario cases do not bring large decrease in 
neither health impacts nor CO2 emissions. When comparing LowCost_NoSavings with LowCost 
and LowCost_Health_NoSavings with LowCost_Health scenarios heat savings contribute to only 
up to 1.5 % reduction in both health costs and CO2 emissions. When the high fuel and CO2 costs 
are assumed (comparing HighCost_NoSaving and HighCost scenarios), heat savings contribute to 
slightly larger reductions in system health costs and CO2 emissions – by around 3 %. That is 
because of a larger cost advantage of heat saving measures due to higher cost burden on heat 
production. These results are in line with the results of other studies, such as Kannan and 
Strachan (2009) where after modelling of residential sector in an energy system optimisation 
model the conclusion is made that the most cost effective CO2 reduction measures lie primarily 
within the power sector.  
Conclusions 
In the presented study heat savings in the Danish buildings have been analysed in the context of 
the heat and power system, and with both global and local health externalities internalised. The 
existing heat and power sector optimisation model, was expanded by heat savings investment 
module and by internalised local health related externalities of energy production. The analysis 
gave interesting results regarding the penetration of heat savings in buildings, the 
competitiveness of savings with heat generation technologies and possibilities to reduce local and 
global externalities. 
Heat saving potential in the existing building mass in Denmark has been estimated to 28.5 TWh. 
It is a large potential which accounts for 46 % of the projected heat demand in 2025. However, if 
heat saving investments should only include incremental costs for energy efficiency 
improvements and not full renovation costs, the yearly renovation rate has to be considered, 
which limits these investments. In this case the heat saving potential by 2025 reaches only around 
20 % of the demand. The highest achieved penetration of heat savings in the analysis is 11 % of 
heat demand in 2025, when high fuel and CO2 costs are assumed and electricity to heat 
technologies are excluded from the optimisation. However, the implemented heat savings lead to 
only small reduction in global and local externalities of the energy system. 
A marginal cost curve for heat savings has been constructed. The curve indicates a marginal cost 
of a given heat saving level, assuming that heat saving measures with the lowest costs are 
implemented first. However, such cost curve does not take the energy system context into 
account. In the actual situation and in the model, where heat saving investments are weighted 
against heat generation alternatives, heat savings are not implemented in the cost increasing 
order. The costs of heat saving measures are weighted against different heat production costs in 
different heat supply systems and, as a consequence, average cost of total implemented heat 
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savings level is higher than the corresponding marginal cost. This shows the relevance of 
analysing heat savings as part of the energy system including energy production technologies as 
opposed to comparing heat saving costs with a fixed composition of production. 
Optimisation of heat and power generation, when heat savings are included as decision variables 
in the model, can yield cost-effective heat savings level from socioeconomic point of view when 
effects on the interrelated heat and power system are accounted for. Cost effectiveness of heat 
savings in existing buildings and heat generation technologies can be compared in the model. 
Furthermore, in the model, renovation pace of existing buildings is taken into account. Hence, a 
realistic heat savings potential, when an opportunity to reduce heat losses in buildings at low cost 
(when renovation anyway takes place) can be considered for the future. The model includes 
spatial and temporal variation of energy generation and heat savings. Different combinations of 
heat technologies, external health costs and buildings of different type and age in different 
(district) heating areas yield different cost-effective heat saving levels and optimal heat 
generation mix. Due to hourly resolution, in the model cost-effectiveness of heat savings in the 
context of time varying energy generation is evaluated. Finally, emissions of local and global 
pollutants and their external costs can be accounted for in the model, including the spatial 
variation of local externalities.  
Presented study is the very first attempt to include heat saving measures in the Danish heat and 
power sector optimisation model. Thus, several assumptions/limitations and improvements for 
the future research can be outlined. Not all heat savings possibilities have been included in the 
model – for instance, mechanical ventilation system with heat recovery can also bring significant 
heat savings, but also increase electricity consumption. This heat saving measure will be included 
in the following analyses. Possibilities to improve thermal properties of building elements to 
different efficiency standards (higher or lower than the standard considered in this study) have 
not been analysed in the current model extension. This and more detailed heat savings cost 
estimation are the subjects of further work.  Expenditures for grid enforcement due to increased 
electricity use for heat production, particularly in individual heating areas, have not been 
considered in the current analysis. Thus heat generation costs in individual heat pumps might be 
underestimated in this analysis. All these improvements would make the model more 
comprehensive without changing the essence of the presented study.  
In the present analysis only possibilities to invest into heat savings in buildings has been 
included. Options to reduce electricity consumption endogenously (by e.g. replacing household 
appliances with more efficient ones) in the model have not been included in this study. Instead, 
electricity demand is given exogenously and is based on future demand projections, which 
account for efficiency improvements to some extent. If electricity saving measures were included 
in the optimisation model, it could be expected that some of the options would be cost-effective 
and implemented in different scenarios, reducing electricity consumption. This would require that 
the electricity savings measures are excluded from exogenously given electricity demand 
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projections. Since the Danish heat and power generation is greatly interrelated today due to a 
large share of heat and power plants (CHPs) and possible electricity use for heat production in 
electric heaters and heat pumps in the future, inclusion of electricity savings would gain 
additional and possibly different results. In case of combined heat and power production in 
backpressure plants implemented heat savings would reduce electricity production which has to 
be covered by production elsewhere. Cost effectiveness of heat saving measures in this case 
would also depend on alternative electricity generation costs. If these costs are high, heat savings 
might not be implemented. Cost-effective electricity savings could increase flexibility in the 
system by reducing electricity load to be covered by CHP plants and more heat savings would be 
implemented. In this situation, not including electricity savings might lead to underestimation of 
heat savings implementation. If heat is produced using electricity, heat and electricity 
consumption is covered by the same sources. Thus heat and electricity savings can potentially 
reduce the same production. If electricity saving measures are more cost-effective than heat 
saving measures – less heat savings would be implemented. In this case implementation of heat 
saving measures in the model might be overestimated if (cost-effective) electricity savings 
options are not included in the model. Since saving measures are compared to energy production 
costs in the model, heat savings costs are compared to (long-term) costs which also include 
electricity to heat technology costs. While electricity saving costs are only compared to electricity 
generation costs. 
From socioeconomic point of view heat pump-based heat generation seems to be cost-effective in 
buildings, not connected to district heating system in 2025. In order to increase incentives for 
private consumers to invest in heat pumps, currently high taxes on electricity in Denmark would 
need to be reduced for heating purposes.  
The performed analysis has shown the importance of an integrated planning, where both heat 
savings and energy generation are assessed simultaneously. With considerable existing CHP 
capacity heat savings might not be cost-effective, as their implementation could be 
disadvantageous from the overall system perspective. This is not necessarily a signal for not 
implementing heat savings – as their role in general increases with increasing fuel prices and 
environmental concerns. In such situation, additional heat load for a district heating area with 
cogeneration plant could be added by e.g. connecting buildings, currently not supplied with 
district heating.   
Variation in cost-effectiveness of heat savings in different district heating areas in the model 
reflects the reality for private consumers, where district heating prices and thus profitability of 
efficiency measures vary in different DH systems. Thus with such varying heat prices the same 
saving measure in the same type of building will not be profitable and implemented throughout 
the whole country. Furthermore, due to different combination of building stock in e.g. different 
municipalities, it cannot be expected that the same share of heat demand can be reduced at the 
same cost. Therefore, setting uniform heat demand reduction targets, for instance, for different 
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municipalities would not lead to optimal heat savings investments. Heat saving costs of e.g. 20 % 
reduction would be low in some municipalities and high in others. For better municipal energy 
planning and setting heat saving targets, comprehensive databases with data for estimating actual 
heat saving potential in different heating areas (e.g. district heating or individual heating) are also 
important. 
The Balmorel model, used in this study can also be applied to optimise heat and power systems in 
other countries than Denmark. The described heat savings extension can also be used for 
analysing energy efficiency improvements in buildings for other countries. The level of 
aggregation of heating areas and heat saving measures, or overall saving potentials and costs, for 
different types of buildings, can be adjusted to data, available in a particular country. 
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Appendix 1 District heating areas, included in analysis. Individual heating areas are the buildings 









DK_E_1, DK_E_2, DK_E_3, 
DK_E_4, DK_E_5, DK_E_Rural, 
DK_E_Urban 
DK_W_1, DK_W_2, DK_W_3, 




HEAT ONLY areas DK_E_PUREDH DK_W_PUREDH 
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Appendix 2 Energy technology data.  









cost Lifetime NOx SO2 PM2.5 CO2 
  
  MEUR/MW EUR/MWh kEUR/MW years g/GJ g/GJ g/GJ kg/GJ 
Extraction steam turbine wood 0.49 1.5 2.76 26.15 30 69 1.74 1.23 0a 
Extraction steam turbine straw 0.49 1.5 2.76 26.15 30 131 47 0.1 0 
Backpressure steam turbine municipal waste 0.97 5.21 19.42 208.5 20 24 124 1.08 32.5b 
Extraction steam turbine coal 0.55 1.36 2.04 18.11 30 109 37 2.1 95 
Extraction steam turbine with 
CCS coal 0.48 2.04 2.04 18.11 30 109 37 2.1 14.25 
Backpressure combined cycle natural gas 0.91 0.79 2.75 11.32 30 124 0.3 0.05 56.9 
Backpressure steam turbine wood 1.05 3.37  118.1 20 69 1.8 1.23 0 
Backpressure steam turbine straw 0.9 3.45  138 20 131 47 0.1 0 
Wind turbine onshore 1 0.62 7.92  20 0 0 0 0 
Wind turbine offshore 1 1.13 4.53 4.53 20 0 0 0 0 
Heat  pump, district heating electricity, 35 °C water 3.6 0.48  7.1 20 0 0 0 0 
Condensing coal 0.46 1.35 6 42.7 40 109 37 2.1 95 
Open cycle, condensing natural gas 0.37 0.34 2.6 17.1 20 124 0.3 0.05 56.9 
Heat boiler wood 1.08 0.48  14.43 20 90 25 10 0 
Heat boiler natural gas 1.01 0.08  3.07 20 42 0.3 0.1 56.9 
Heat boiler municipal waste 0.98 0.92 4.5 44.97 20 164 67 4 32.5 
Heat storage  0.99 0.00178   20 0 0 0 0 
Solar collector, district 
heating  1 0.27  1.35 25 0 0 0 0 
Solar power (PV)  1 2.4  24 25 0 0 0 0 
Solar collector, individual  1 0.45  4.49 20 0 0 0 0 
Heat boiler, individual natural gas 1.02 0.55  21.29 15 30 0.3 0.1 56.9 
Heat boiler, individual light oil 1.00 0.48  21.29 15 52 23 5 74 
Heat boiler, individual wood pellets 1.00 0.77  21.29 15 120 25 32 0 
Heat pump, individual 
Electricity, ground 
water 3.40 1.99  0.01 20 0 0 0 0 
Heat pump, individual Electricity, air 1.50 1.26  0.02 15 0 0 0 0 
Electrical heater, district 
heating electricity 0.97 0.14 0.01  20 0 0 0 0 
aEmissions of CO2 from biomass plants have been assumed to be balanced by CO2 removed from the atmosphere by growing new biomass. 
bDue to a share of fossils (plastics) in municipal waste, incineration causes CO2 emissions. The data is based on the Danish Energy Agency (DEA, 2009b). 
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Abstract 
The paper examines implementation of heat saving measures in buildings, when heat and 
power supply comes solely from renewable resources in 2050 in Denmark.  
Balmorel – a linear optimisation model of heat and power sectors in Denmark is used for 
investigating economically viable levels of heat savings, which can be implemented by 
reducing heat transmission losses through building elements and by installing ventilation 
systems with heat recovery, in different future Danish heat and power system scenarios. 
Today almost 50 % of heat demand in Denmark is covered by district heating. A further 
expansion of district heating network in Denmark is assessed and penetration of heat 
savings is analysed in this context.  
If all heat saving measures, included in the model, are implemented, heat demand in 
Danish buildings in 2050 could be reduced by around 40 %. Results show that it is cost 
effective to reduce from approximately 12 to 17 % of future heat demand in buildings 
depending on assumed lifetime and costs of heat saving measures. Individual heating 
areas have higher penetration of heat savings than district heating areas. When district 
heating systems are expanded, an overall penetration of heat savings slightly decreases 
along with lower capacity investments and system costs.  
Keywords: renewable energy, heat savings, district heating, externalities 
1. Introduction 
Energy related emissions account for almost 80% of the total greenhouse gas (GHG) 
emissions in the European Union. At the same time the European Council has committed 
to a long term target for the EU, namely to cut GHG emissions by 80 to 95 % by 2050 
[1]. There is no doubt that, in order to achieve this ambitious and necessary goal, greater 
energy efficiency in both demand and supply sectors as well as the move towards secure, 
non-fossil energy resources is required. The existing building stock is identified as one of 
the areas with the largest potential for energy efficiency improvements. Furthermore, it is 
also recognised that development of renewable heating has to be accelerated. 
Today around 20 % of energy consumption in Denmark is covered by renewable 
resources [2]. The Danish Government has in 2008 appointed the Commission on 
Climate Change Policy (further in article – the Climate Commission) to work out a plan 
for achieving the future goal of the fossil fuel-free Denmark. In fall 2010 the Climate 
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Commission concluded that it is possible for Denmark to rely entirely on renewable 
resources in the energy system by 2050 [3]. Untapping efficiency potential in buildings, 
such as reducing energy consumption for space heating, is one of the recommended 
initiatives alongside with the increased diffusion of heat pumps, fuelled by electricity 
from wind turbines. The important role of district heating (DH) in efficient utilisation of 
renewable energy resources, such as biomass, waste, solar heating and geothermal heat 
sources has been acknowledged as well. The feasibility of a 100% renewable Danish 
energy system has also been analysed and recognized by the Danish Society of Engineers 
in [4] and [5]. The viability of the national energy supply, relying solely on renewable 
resources, has also been demonstrated outside Denmark – for Ireland. There district 
heating has also been identified as an efficient way to utilize biomass resources – in 
cogeneration plants [6]. On the local level renewable energy system in Frederikshavn 
Municipality (in the very North of Denmark), with focus on district heating, has been 
analysed in [7] and [8].  
Around a quarter of the primary energy in Denmark in 2009 was consumed for heating 
purpose in buildings [9].  Some reports have estimated that as much as 80% of this 
demand can be reduced in households [10] and 75% in public buildings if all technical 
heat saving possibilities are utilised [11]. As a consequence, around 20% of the primary 
energy consumption can be reduced by investing in better insulation of building 
envelopes, more energy efficient windows, mechanical ventilation systems with heat 
recovery, increased efficiency in hot water systems and other saving measures. Such 
initiatives could reduce the need for investments into renewable energy generation 
capacities and consumption of energy resources, such as biomass.  
Extensive efficiency improvements on the demand side can have consequences for 
efficiency of technological solutions on the supply side. Effectiveness of a district heating 
network depends on heat consumption density in the supplied area and might decrease, 
when the heat demand in the district heating area is reduced [12]. For instance, in [13] 
and [8] investment costs of district heating system expansion, per supplied heat unit, 
increase, when heat savings of 20 % are implemented and district heat supply is reduced. 
Furthermore in [39] results show that heat savings in district heating areas with combined 
heat and power (CHP) plants can be less beneficial if they reduce potential for 
cogeneration-based electricity production. On the other hand, large scale heat pumps, 
solar district heating and heat storage, connected to a district heating system, facilitate the 
move to a 100% renewable energy system,  and, together with CHP plants, increase 
flexibility of the energy system to integrate fluctuating renewable energy, for instance, 
wind power. Moreover, it helps to utilise renewable energy resources such as municipal 
waste, industrial surplus heat, waste heat in sewage water and geothermal heat sources, 
which would otherwise not be used. Reduced heat demand in buildings also enables 
space heating with low temperature heat. Low temperature district heating supply would 
allow more efficient utilisation of e.g. solar and geothermal energy resources and reduce 
heat losses in DH distribution network. In this relation, heat savings are important in 
enabling heating of buildings by low temperature district heating medium. Østergaard 
and Lund in [7] investigate the use of local renewable resources for energy supply and 
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focus on the utilisation of the available geothermal energy potential for district heating. 
Based on the spatially explicit economic modelling of expansion of the district heating 
infrastructure, Möller and Lund [13], suggest expanding DH systems in Denmark to 
cover up to 70 % of the heat market.  Lund et al. [14] further analyse different 
alternatives for heat supply in around 25% of the Danish buildings, which currently 
produce heat by individual natural gas and oil boilers, and which potentially could be 
supplied with district heat. The supply of heat is analysed in the context of the future 
100% renewable energy system in Denmark in 2060. They conclude that, even with large 
heat (75%) savings, district heating, utilising biomass, biogas and industrial excess heat is 
the best alternative for the analysed buildings, small heat pumps being the best alternative 
for the buildings not connected to the expanded district heating systems. In [8] Sperling 
and Möller conclude that the combination of 20 % heat savings and district heating 
expansion, improves fuel efficiency of the energy system in the Danish municipality of 
Frederikshavn.  
The level of implemented heat savings on the demand side can influence decisions on the 
supply side by reducing district heating supply potential. Then again, diffusion of district 
heating infrastructure can have ramifications on the level of implemented heat savings, 
since effectiveness of these investments depends on the avoided heat generation and 
supply and related costs [40]. Due to this dependency it is useful to analyse different 
possibilities together and in the context of the whole renewable energy system, where 
heat, electricity and transport subsystems become increasingly interrelated.  
District heating expansion and other alternative heat supply options in Denmark have 
been analysed when demand for space heating is to a different extent reduced, by the 
means of heat savings in [8], [13] and [14]. Additionally, in [8] the marginal heat saving 
costs in buildings (of the savings up to 20 %) are compared to the short-term district heat 
generation and long-term infrastructure costs, combination of which is higher than the 
heat saving costs. The study, described here, examines cost effective levels of heat saving 
investments at the current level of district heating supply, covering almost half of the 
heating demand, and when the existing district heating areas are expanded and supply 
close to 70% of heat demand, as suggested in [13].  Energy generation and heat saving 
costs are compared in the study, while district heating network infrastructure costs are not 
analysed. 
The goal of the present study is, by the use of a heat and power system optimisation 
model, to analyse cost-effectiveness of heat savings by improving energy efficiency of 
building envelope and by installing ventilation systems with heat recovery – both in 
district heating areas and in buildings with individual heat generation – at different levels 
of district heating penetration. This means that heat savings decisions are endogenous in 
the model as opposed to the most of energy system models, which usually exogenously 
assume a certain level of heat savings. The analysis is performed when only renewable 
energy resources and technologies are available for heat and power generation in 
Denmark. We do not claim to design the best possible 100 % renewable energy system, 
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but rather investigate possible situations with included technologies and assumed 
resource potentials. 
Besides the emissions of greenhouse gasses, fuel-based energy production also causes 
local air pollution due to release of SO2, PM2,5 and NOx. Increased air pollution 
concentrations can be harmful for human health, which is the most important damage 
category of air pollution in Europe today. In a 100% renewable energy system, CO2 
emissions are zero or close to zero. The results of the design of a 100 % renewable heat, 
power and transport system in Denmark [15] show a significant reduction of air pollution 
related health costs when compared to a possible development in reference scenario with 
fossil fuel technologies. Nonetheless, combustion of renewable fuels, such as biomass 
and municipal waste can cause increased air pollution and damage to human health. 
Therefore, in order to design a 100 % renewable heat and power system with the least 
external impacts and costs for the society, local air pollution related health externalities 
are internalised in the model.  
2. The model 
An optimisation model Balmorel, which covers the Danish heat and power generation 
and supply is used in this study. Originally, the model was developed for analysis of heat 
and power sectors in the Baltic Sea Region [11].  The model is compared to other energy 
system analysis tools and its many applications are described in [17]. Two new features, 
which were used in this study, have been recently added by the authors – internalisation 
of health-related externalities [18 and 19] and the possibility to invest into heat savings in 
buildings [20]. Consequently, in the Danish heat and power optimisation, described in 
this paper, different heat saving measures compete with heat generation technologies, and 
external costs of local air pollution are included in the optimisation. 
The model minimises total annual cost of heat and power production and supply 
including investment costs into new generation capacities, operation and maintenance, 
and fuel costs, as well as resulting local and global external costs. Additionally, 
annualised costs of implemented heat saving measures and related maintenance costs (for 
ventilation systems) are included in the cost function in this analysis. Thus, long-term 
energy generation costs are considered in this analysis.  Investment in new generation 
capacities and operation decisions are optimised for one year, which can further be 
divided into weeks and hours. The yearly heat and electricity demand in the model is 
given exogenously and has to be satisfied in each time period of a year. Balmorel 
includes also geographical division of the Danish heat and power system. For electricity 
consumption and production the system is divided into two regions – east and west. The 
regions are further divided into the areas, representing different district heating systems 
by current technology and fuel (21 areas) and areas with individual heat production 
technologies (2 areas) (Table 1). The geographical map with the heating areas is included 
in Appendix A. On the contrary to the electricity regions that are connected by a 
transmission line of limited capacity, heating areas are not interconnected and heat 





Table 1 Heating areas in the model 




Decentral DH areas 
DK_E_1, DK_E_2, DK_E_3, DK_E_4, 
DK_E_5, DK_E_PUREDH, 
DK_E_Rural 
DK_W_1, DK_W_2, DK_W_3, DK_W_4, 
DK_W_5, DK_W_6, DK_W_PUREDH, 
DK_W_Rural 





The Balmorel model is also described in [18] and [21]. 
The design of the analysed Danish energy system in Balmorel – the main elements and 






Starting point here is the exogenously given heat demand in buildings for space heating 
and hot water as well as in industry, and electricity demand for appliances, in industry 
and for transport in 2050. Focus of this study is heat consumption in the Danish 
buildings. The district heating and individual heating areas in the model are characterised 
by a composition of building stock – the total heated floor area of different building types 
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(175) by purpose and construction period and their specific heat demand (in kWh/m2 per 
year)[20]. The building stock in 2050 consists of buildings, existing today, and the 
assumed new constructions. Consumers’ heat service demand, which consists of demand 
for indoor thermal comfort and domestic hot water, in different areas can be covered by 
producing heat in district heating plants/individual heating technologies and by 
implementing heat saving measures and, as a result, reducing demand for space heat in 
buildings. Heat savings can only be implemented in the existing buildings. Heat can be 
produced by utilising different primary energy resources (e.g. biomass, municipal waste, 
solar) directly, or indirectly – through electricity-driven heat pumps and electric boilers. 
Furthermore, the model includes a possibility to utilise surplus electricity for hydrogen 
production, which can be stored and used for heat and power production in fuel cell 
plants. Consequently electricity generation covers not only the initial electricity demand 
in buildings, industry and transport, but also some of the heat demand. From the 
thermodynamic point of view it is preferred that electricity, used in heat pumps, boilers 
and electrolysers is based on energy sources such as wind, wave, solar and not 
generation, based on fuel combustion. However, such restriction is not currently 
implemented in the model. Clearly, when heat and electricity are produced in 
cogeneration plants, also electricity is produced in district heating plants. However, for 
simplicity, in Figure 1 heat and electricity generation are shown separately. Hydrogen 
production in electrolysers and subsequent consumption in fuel cells are also excluded 
from Figure 1. 
Renewable heat and power generation can cause emissions of SO2, PM2.5 and NOx, which 
cause increased local and regional air pollution. The extent of this damage and thus 
external costs depend on the location of a plant with respect to populated areas, the 
dominating weather patterns and the height at which pollutants are released [18]. In this 
study, external costs of pollutants, released in different district heating areas, vary 
depending on technology – individual heating plant with low flue stack or a heat and 
electricity plant in a DH area with high flue stack. For district heating plants rural and 
urban location can be distinguished in the model, therefore different external costs have 
been applied for these locations. Even though health damage, caused by air pollution 
from individual heating technologies, also depends on urban/rural location, such 
distinction was not possible to implement in the current study.  
For analysis with expanded district heating systems, a part of individual heat consumers 
are connected to the nearby DH systems. Thus, the individual heating areas (their size, 
building stock and heat consumption) decrease and the district heating areas increase 
(Figure 1). The total heated area of different types of existing buildings that are 
connected to the expanded district heating systems is identified in the model1. These 
buildings can no longer cover their heat demand by individual heating technologies, 
while heat savings can still be implemented. It is assumed that no new district heating 
systems are established; rather the existing ones are extended.  
                                                 
1
 New buildings with individual heat generation are not connected to the expanded district heating areas. 
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The costs of expanded district heating networks are not included in the calculations. 
Expansion of the DH system is an exogenous decision; therefore capital costs of 
expanded district heating network would not affect optimisation results. The assumption 
has been made that all costs, related to DH infrastructure are sunk costs and therefore 
cannot be reduced by heat savings. District heating network costs depend to a high degree 
on the number of consumers as well as size and shape of the supplied area. For example, 
in [8] district heating connection costs decrease only by 4.5 % when heat demand is 
reduced by 20 %.  
Reduced heat demand for space heating in buildings enables low temperature district 
heating supply, which would require larger DH water flows and larger pipe diameters 
than with conventional DH supply temperatures. Thus, district heating infrastructure 
costs would not necessarily decrease when implementing heat savings.  At the same time, 
low DH supply temperatures would increase efficiency of large heat pumps and the 
utilisation of solar thermal resources. However, such feedback has not been implemented 
in the current model version. 
Analysis of the heat and power system in Denmark in 2050 is based on the assumption 
that all energy plants, existing today, are phased out. A portfolio of technologies is 
available for investments – assuming that existing technologies are replaced continuously 
up to 2050. Geothermal plants have not been included in the current model and therefore 
are not a part of the calculations. An optimal heat and power system is ‘designed’ in each 
scenario – with least annual costs, which reflect long-term energy generation and heat 
saving costs. Furthermore, the model includes constraints on primary energy resource and 
heat saving potentials. Only renewable energy resources and technologies are available in 
the model. In the described study the Danish heat and power sector has been analysed as 
a closed system. Electricity exchange with other countries is not possible and import of 
fuels is not allowed. There is no single reference year – different years are used as a 
reference for different 2050 data inputs in Chapter 3. 
3. Scenarios and data 
The analysed scenarios of the Danish heat and power sector in 2050 are listed in Table 2 
and will be described in this section along with data and assumptions of the study.  
The implemented heat savings and fuel and technology mix, used for heat and electricity 
generation are compared in different scenarios – with current district heating penetration 
and when the existing DH systems are expanded (a larger share of heat demand is 
covered by district heat generation technologies).  These two scenarios are analysed 
under different primary energy resource constraints. Furthermore, two district heating 
penetration cases are calculated when lower costs of heat saving measures are included 
due to assumed longer lifetimes (scenarios marked with HS_LOW). The scenarios are 




Table 2 Examined scenarios for 2050 
 
Expanded DH system Energy resource potentials 
REN No Low 
REN_DH Yes Low 
REN_POT No High 
REN_DH_POT Yes High 
REN_HS_LOW No Low 
REN_DH_HS_LOW Yes Low 
3.1 Energy demand 
The projected electricity and heat demand in Denmark in 2050, are 65.8 TWh and 72.1 
TWh respectively [23]. Heat demand in the existing buildings is calculated based on the 
Danish building stock and energy efficiency of the buildings in 2006 [22].  It has been 
assumed that the building stock in Denmark will grow by around 40 % until 2050 with an 
average specific heat demand of 50 kWh/m2 [22].  Consequently, heat demand in 
buildings grows to 63.2 TWh in 2050. Efficiency improvements of the existing buildings 
have not been included in the estimation of heat demand in 2050, since cost-effectiveness 
of heat saving measures in the existing buildings is evaluated in the analysis. 
Furthermore, 8.9 TWh of district heat is consumed by industry in 2050 [23]. Thus the 
total heat demand, included in the model, is 72.1 TWh.  Electricity demand in 2050 
includes consumption in electrical appliances, in industry and for transport, and is based 
on data by the Climate Commission [23] with 2008 as a reference year. The demand in 
the reference year is 33.1 TWh. Electricity demand in 2050 is based on an assumed 
average annual economy growth in Denmark of 1.7 % [23]. Furthermore, significant 
increase in electricity consumption by industry and transport, and considerable efficiency 
improvements for electrical appliances have been assumed.  As a result, electricity 
demand in Denmark grows to 65.8 TWh in 2050.  
3.2 District heating 
Heat saving and generation alternatives are examined in two cases: 1) when district 
heating infrastructure remains as today, covering around a half of the heating demand in 
buildings in Denmark, and 2) when current district heating areas are expanded by 
connecting the buildings with individual heat generation, located within and nearby the 
existing DH networks (scenarios, marked with “DH”). District heat and individual heat 
demand in two scenarios is presented in Table 3. 
Table 3 District heat and individual heat demand with and without DH system expansion 
 
a




DH demand Individual heat demand 
No DH expansion Buildings 30.0 (47.5 %
a) 33.2 (52.5 %) 
Industry 8.9  
DH expansion Buildings 42.5 (67.3 %) 20.6 (32.7 %) Industry 8.9  
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The potential for expanding current district heating systems is based on [24]. Buildings 
(their purpose and construction period), which are connected to the expanded DH areas, 
are identified using data, extracted from the GIS-based Danish Heat Atlas2 [25] and the 
authors’ assumptions, and should be considered artificial.  
District heating network losses in 2050 are assumed to account for 20 % of heat 
production in decentral DH systems and 9 % in central district heating areas [22]. It has 
been assumed that current DH infrastructure will be renovated and temperature of district 
heating supply and return water will be reduced to some extent by 2050.  Consequently, 
energy losses in the DH network will decrease and correspond to the losses of the newly 
built infrastructure.  Moreover, heat losses in district heating substations/central heating 
systems (2.5 % of the supplied heat) are added to the DH losses. Heat losses in building 
heating systems are also applied to the individual heating areas.  
3.3 Heat savings 
Possibility to invest into five heat saving measures – insulation of walls, roof and floor, 
more energy efficient windows and mechanical balanced ventilation with heat recovery 
has been included in the model. The marginal investment costs of energy efficiency 
improvements in buildings are presented in Table 4. The marginal costs include only 
costs, related to energy efficiency improvements and not full renovation costs. Thus only 
energy efficiency of the buildings, already undergoing renovation can be improved in the 
model. It has been assumed that all buildings will undergo renovation in the period until 
2050.  
Energy efficiency improvement possibilities for walls and roofs include several insulation 
standards (here called levels) (Table 4). For windows, two heat saving levels have been 
included. The regular replacement of old windows results in heat savings, because 
standard windows, which are on the market today are more energy efficient than in the 
past. Therefore, an ordinary window replacement (LEVEL 1) has been included at zero 
cost in the model, but with significant heat savings, particularly for older buildings. 
Additional heat savings can be achieved by choosing even more energy efficient 
windows (LEVEL 2). In the model the cost for choosing windows of higher energy 
standard is the price difference between standard and more efficient windows.  
Heat saving costs are based on [28] and [35]. For opaque building elements (walls, roofs 
and floors) the costs depend on the current state of buildings i.e. the additional insulation 
thickness needed to achieve a certain efficiency standard (LEVEL in Table 4 ). Annual cost 
decrease of around 1% is assumed for the analysed heat saving measures, due to 
improved productivity. Cumulative implementation of heat savings until 2050 is 
considered in the analyses. Consequently it has been assumed that, on average, the costs 
of heat saving measures, implemented during this period, are 17% lower than today.  
                                                 
2
 Heat Atlas maps the distribution of the buildings, their heat demand and heat source as well as heat supply 
infrastructure in Denmark. 
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Table 4 Characteristics of heat saving measures in the model 
a
only floors in buildings with cellar are included [28] 
bdepends on existing insulation  
cefficiency of heat recovery 
d
vary due to different additional insulation needed and due to different building element-to-floor area ratios 
for different buildings 
e in multi-storey/single family houses 
flower ventilation system costs used in scenarios, marked with HS_LOW 
 
Besides investment costs, mechanical ventilation systems with heat recovery also include 
operation and maintenance cost of 0.26 EUR/m2 and electricity consumption in fans of 
1.84 kWh/m2 [35]. 
The lifetime of heat saving measures is based on the recommendations by the Danish 
Energy Agency [11]. However, the longer lifetimes can also be found in the literature 
[22]. Hence the lifetime, used here, can be considered somewhat short and lead to higher 
annualised investment costs of heat saving measures. For sensitivity analysis a scenario 
case with longer lifetime of the heat saving measures (Table 4) has been calculated. In the 
same sensitivity scenario lower ventilation costs have also been assumed, since these 
costs seem to vary a lot in the literature [10, 28, 35].  
In Figure 2 annualised heat saving costs of each saving measure, implemented in 
different building types, are ranked from the lowest to the highest, and cumulative saving 
potentials are shown. For all heat saving measures the costs seem to increase 
exponentially with increasing cumulative heat savings. The least heat saving cost is 
achieved when replacing windows and insulating roofs, while wall insulation and 
ventilation with heat recovery are the most expensive saving options. Furthermore, heat 





















EUR/m2floor years years 
Wall 
LEVEL 1 200 0.17 51.8-96.9 
40 80 LEVEL 2 300 0.12 92.2-151.2 
LEVEL 3 400 0.09 132.5-205.5 
Floora LEVEL 1 100/150b 0.30/0.20b 12.8-31.8 40 80 
Roof 
LEVEL 1 200 0.19 5.1-18.7 
40 80 LEVEL 2 300 0.13 5.1-27.3 
LEVEL 3 400 0.10 6.4-36.3 
Window 





Ventilation LEVEL 1 - 0.9c 33.2/44.3
e 




Figure 2 Cost curves of heat saving options in the model 
 
The total heat savings potential, included in the model is 25.15 TWh and reaches 46.5 % 
of the heat demand for space heating and hot water in the existing buildings or 40 % of 
the total heat consumption in buildings in 2050 (Figure 3).  
The largest reduction of heat consumption in buildings can be achieved by extensively 
insulating external walls and replacing windows by more efficient ones (Figure 3). From 
the data, used in the calculations, it seems that windows in existing buildings are in a 
rather poor state; while energy efficiency of roofs  appears to be rather good and heat 
savings potential is moderate.  
 
Figure 3 Heat savings potential in Balmorel by saving measure 
 
Heat savings potential, included in the model is lower than the technical potential of 75- 
80%, identified in the reports by the Technical University of Denmark [10] and [11]. Not 
















































residences and some production buildings have been excluded. Ventilation with heat 
recovery can be installed only in dwellings as well as only floors in buildings with cellar 
can be insulated in the model. Furthermore, reduction in energy use for heating domestic 
hot water and efficiency measures in building heating systems are not included in the 
presented study. The mentioned limitations and other methods/assumptions used in the 
calculations can explain the difference in heat savings potential.   
3.4 Fuel and technologies 
Fuel prices in 2050 are presented in Table 5 and are based on the data from the Climate 
Commission report on Ambitious future scenarios [23].  
Table 5 Fuel prices and CO2 costs in the model 
Year Wood Pellets Biogas Straw Wood chips Municipal waste 
 EUR/GJ EUR/GJ EUR/GJ EUR/GJ EUR/GJ 
2050 17.72 4.0 13.96 16.51 -3.0 
  
The price of municipal waste is negative, as waste is received at a gate fee [32]. For 
biogas production animal manure is used, which is received from farmers free of charge 
and only transportation costs have to be covered [31]. 
Human health-related external costs of classical air pollutants from energy production, 
internalised in the optimisation of the future Danish heat and power system, are based on 
[29] (see Table 6). Urban and rural external costs are distinguished for SO2 and PM2.5, 
based on [30]. Urban costs are higher due to higher population density in the near 
proximity of a plant, located in an urban area. Rural costs are lower due to lower 
population density in rural areas. Urban external costs are internalised in central district 
heating areas and rural costs in decentral areas. Consequently, the same technology can 
cause different health externality cost, depending on where it is installed.  
Table 6 Human health related external costs of local air pollutants 
EUR/kg SO2 NOx  PM2,5  
Urban cost 14.61 8.25 23.28 
Rural cost 11.1 8.25 18.29 
Individual heating  21.5 17.68 28.1 
 
Clearly, external health damage costs depend not only on rural or urban location but also 
on the dominating weather conditions, such as wind direction and the population density 
in subsequently affected areas [18].  For example, plants, located at a sea shore can have 
an environmental advantage if pollutants are carried over the water. In [18] artificial data 
has been used and, due to the lack of comprehensive data for different locations in 
Denmark, spatial variations in external health costs have not been included in this study. 
The data for technologies, included in the model is presented in Appendix B and is based 
on [31] and [33]. It has been assumed that technologies, available before 2050 are 
installed. All thermal power plants are combined heat and power (CHP) technologies. 
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Nonetheless, extraction CHP plants can produce electricity in condensing mode. A 3 % 
socio-economic discount rate is used for the investments in Balmorel.  
Potentials and capacity factors of renewable, non-dispatch able energy technologies in 
2050 in Denmark are presented in Table 7.  
Table 7 Capacity factors and potentials of renewable non-dispatchable technologies in 2050 in 
Denmark 
Renewable 





Solar PV 800 9 3300 7500 
Wind, onshore 1960/2440a 22/28 4000 4000 
Wind, offshore 3600/4150a 41/47 14600 14600 
Wave 3500 40 400 1000 
Solar collectors 
(DH) 726 8 5000 5000 
Solar collectors 
(individual) 726 8 5700 11500 
ain East/West Denmark 
 
For low potential scenarios, wind, wave and solar PV technology potentials are based on 
the Climate Commission’s Ambitious world scenario [23]. Potential for district heating 
and individual solar thermal technologies are based on [34]. In low potential scenario 
only half of the identified potential for roof-mounted solar collectors has been included. 
In high potential scenario, available wind power capacities have been assumed not to 
change and the full individual solar collector potential is included. The higher wave and 
solar PV potential is based on the ideal scenario in CEESA (Coherent Energy and 
Environmental System Analysis) research project [37]. 
Biomass consumption in the model is limited to domestic resources. The assumed 
biomass potentials for heat and power production are shown in Table 8 and are based on 
[34].  
Table 8 Biomass potentials 
TWh Potential 
Straw 11.1 
Wood chips 10.7 
Wood pellets 0.83 
Municipal waste 14.4 
Biogas 8.9 
 
Biomass potentials are the same for all calculated scenarios. Surplus heat resource (35 
°C) for large heat pumps have been assumed 2 TWh and it has been assumed that this 
resource is only available in the urban areas. 
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4. Results and Discussion 
This section presents results of the Danish heat and power sector optimisation in different 
scenarios. First of all, the resulting heat and electricity consumption and technologies, 
used for heat and power generation are presented. Next, achieved heat demand reductions 
by saving measure and in different heating areas are discussed. Finally primary energy 
consumption in different scenarios is compared. 
4.1 Heat and power consumption and generation 
The final heat and power consumption varies in different scenarios – due to implemented 
heat savings and additional electricity consumption for heat production in electric boilers, 
heat pumps and in mechanical ventilation systems (Figure 4 and Figure 5). In Figure 5 
also electricity, consumed in electrolysers for production of hydrogen, which can be 
stored and later consumed in fuel cells for electricity and heat production, is shown. 
Expansion of district heating systems into areas with individual heating technologies has 
only a marginal effect on the overall final heat consumption in buildings in the country 
(Figure 4 left).  Implementation of heat savings in the model slightly (1.5-2 %) decreases 
when district heat is supplied to a higher share of buildings in scenarios marked with DH. 
Furthermore, heat generation increases when more district heat is supplied in DH 
scenarios – due to higher heat losses in district heating networks, as a consequence of 
increased district heat supply (Figure 4 right). In scenarios with larger available solar and 
wave power capacities (REN_POT and REN_DH_POT) heat savings decrease (by 4-5 
%) and more heat is produced (Figure 4 right). Heat consumption and production are 
lowest in REN_HS_LOW and REN_DH_HS_LOW scenarios (~ 5 % lower than in REN 
and REN_DH scenarios respectively) where more energy savings are cost-effective, due 
to assumed longer lifetime of the measures. Effects of different scenario assumptions on 
penetration of heat savings in district heating and individual heating areas are discussed 





Figure 4 Final heat consumption (left) and heat generation (right) in Denmark in 2050 in different 
scenarios 2050 
 
Marginally less electricity is consumed, when district heating systems are expanded in 
2050 (Figure 5 left). Here district heat supply replaces heat generation in individual heat 
pumps and a larger share of heat is produced in extraction steam turbines (Figure 6). 
More electricity (by 15-17 %) is used for heat generation when higher renewable energy 
capacities are available in REN_POT and REN_DH_POT scenarios. When longer 
lifetimes of heat saving measures, and lower costs of ventilation systems are assumed, 
more heat savings are implemented (HS_LOW scenarios), and electricity consumption 
for heat production decreases by around 2 %. High energy efficiency of mechanical 
ventilation systems is assumed in this study. Therefore, electricity consumption in 
installed ventilation fans has only marginal effect on the total electricity demand (Figure 
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Figure 5 Electricity consumption (left) and electricity generation (right) in Denmark in different 
scenarios in 2050 
  
Due to losses in electrical grid more power has to be produced than the final consumption 
(Figure 5 right). Electricity generation is dominated by wind power plants in 2050. When 
higher capacity investments in solar and wave power are possible, they are utilised and 
less electricity is produced in biomass (straw) backpressure and fuel cell plants, as well as 
a little less offshore wind power is used.  
In scenarios REN_DH, REN_DH_POT and REN-DH_HS_LOW increased supply of 
district heat is covered by generation in large heat pumps and biomass extraction steam 
turbines as well as solar collectors, connected to district heating systems (Figure 6 left). 
These technologies replace individual heat pumps and solar collectors (Figure 6 right). 
Increased electricity production in photovoltaic cells and wave plants in REN_POT and 
REN_DH_POT leads to higher electricity-based heat production in both, district heating 
areas (by 18 %) and individual heating areas (by 5-9 %). In the latter, solar collectors are 
replaced. Furthermore, more heat is produced in extraction cogeneration plants, when 
more power is generated using solar and wave energy (in REN_POT and REN_DH_POT 
scenarios). At the same time, less heat is produced in backpressure plants, and the straw 
potential is not utilised fully. Straw-based production increases when district heating 

















































Figure 6 Heat generation by technology: district heat (left) and individual heating (right) 
 
As it can be seen from Figure 4 with lower heat saving costs and subsequently higher 
efficiency improvements heat consumption and production is reduced in scenarios 
REN_HS_LOW and REN_DH_HS_LOW.  Particularly individual heating areas are 
affected, where heat savings first and foremost replace solar collectors. In district heating 
areas increased heat savings replace mostly electricity to heat production, besides heat 
generation in extraction CHPs and solar collectors.   
In all three scenario cases with expanded district heating systems – REN_DH, 
REN_DH_POT and REN_DH_HS_LOW – the tendency remains the same – electricity 
based heat generation in heat pumps along with extraction steam turbines and solar 
collectors cover increased district heating supply.  
4.2 Heat savings 
In Figure 7 implemented heat saving measures in different scenarios are shown. 
Percentages in the figure reflect the share of heat demand in buildings in 2050, reduced 
by the energy efficiency improvements. The penetration of heat savings is lowest – just 
under 12 % – when higher capacity of wave and solar power is available in REN_POT 
and REN_DH_POT scenarios. With lower renewable energy capacity (scenarios REN 
and REN_DH) slightly more heat savings become cost effective. It should be noted that 
only lowest energy efficiency improvement standards (LEVEL1 in Table 4) for all heat 








































scenarios. The highest share (65-70 %) of heat savings in these scenarios comes from 
replacing old/existing windows with new ones, which would anyway be replaced in the 
period until 2050. Consequently, only around 30-35 % of implemented heat savings 
induce additional costs. When district heating systems are expanded in REN_DH and 
REN_DH_POT scenarios, more roofs and floors are insulated to the minimum level 
(LEVEL1). More saving measures with moderate costs are viable when load and also 
saving potential increases in the expanded district heating areas (as only existing 
buildings are connected). At the same time, fewer walls are insulated and investments in 
balanced ventilation with heat recovery decrease. These two heat saving measures have 
the highest costs and are more cost-effective with individual heat generation technologies 
than in buildings, connected to district heating. When lower costs of heat saving 
measures are assumed (due to increased lifetime of building envelope elements and 
reduced ventilation costs), heat savings increase to around 17 % of heat demand in 
buildings in 2050 in REN_HS_LOW and REN_DH_HS_LOW scenarios. Roofs in older 
buildings (built before 1960) in individual heating areas are insulated to a higher standard 
(LEVEL2 – 300mm) in these scenarios, while other efficiency improvements are kept at 
LEVEL 1. In REN_DH_HS_LOW scenario more ventilation with heat recovery is installed 
and fewer walls are insulated, when compared to REN_HS_LOW scenario. When district 
heating areas are expanded, heat saving measures with higher costs become cost-effective 
in buildings, connected to DH networks (Figure 9). Thus, investments in balanced 
ventilation systems increase in the district heating areas. On the other hand, insulation of 
walls is only cost-effective in individual heating areas in scenario REN_HS_LOW. When 
a share of buildings in these areas is connected to different district heating systems 
(scenario REN_DH_HS_LOW), insulation of walls decreases. 
 
Figure 7 Heat savings in buildings by saving measure 
 
The level of heat savings varies in different heating areas. In Figure 8 the average share 
of heat savings potential utilised in individual heating areas, as well as decentral and 














12.5 % 12.3 % 11.8 % 11.6%
17.4 % 17.2 %
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REN_DH_POT scenarios between 25 and 36 % of savings potential are utilised. In 
individual heating areas higher share (33-36%) of heat savings potential is tapped, when 
compared to heat savings in district heating areas (25-30 % of potential). In individual 
heating areas heat costs are higher since nearly entire heat demand is covered by air-to-
water heat pumps and flexibility is limited to heat storage in accumulator tanks. In district 
heating areas a variety of technologies are used to cover heat demand, which gives a 
higher flexibility to produce heat at lowest costs. At the same time, investment and 
maintenance costs are lower for large scale district heating plants than for small-scale 
individual heating technologies. Furthermore, in central (urban) DH areas a share of heat 
is produced in extraction CHP plants, where most of fuel consumption is allocated to 
electricity generation and produced heat has low cost. Heat pumps that utilise hot source 
(35 °C) and municipal waste plants are also only available in urban areas in the model. 
Thus, utilised heat savings potential in central district heating areas is somewhat lower 
than in decentral areas, where backpressure CHP plants are installed. With lower heat 
saving costs in REN_HS_LOW and REN_DH_HS_LOW scenarios implementation of 
heat savings increases in all areas. In individual heating areas utilisation of heat savings 
potential nearly doubles and reaches almost 60 %. 
When district heating areas are expanded, demand for district heat supply and generation 
increases, and, at the same time, heat savings potential increases. In individual areas the 
potential for savings decrease together with heat demand. As a consequence, more 
potential is utilised in DH areas and less in individual heating areas in REN_DH, 
REN_DH_POT and REN_DH_HS_LOW scenarios, when compared to REN, REN_POT 
and REN_HS_LOW scenarios. 
 
Figure 8 Utilised heat savings potential in heating areas in Balmorel 
 
Average costs of implemented heat savings in individual and district heating areas in 
different scenarios are compared in Figure 9. The costs span from around 37 EUR/MWh 
in DH areas to around 50 EUR/MWh in the areas with individual heating technologies in 
REN, REN_DH, REN_POT and REN_DH_POT scenarios. As it was already mentioned, 















reasons are higher investment and maintenance costs and limited flexibility of individual 
heat generation, which usually relies only on one technology, possibly supplemented by a 
secondary technology. At the same time district heating systems with several production 
technologies are more flexible and have an advantage of heat consumption simultaneity3, 
which reduces need for capacity investments, when compared with individual 
technologies. Furthermore, when electricity is produced in backpressure CHP plants, 
district heat is produced anyway. In such situations incentives for heat savings decrease.  
 
 
Figure 9 Average cost of implemented heat savings in typical heating areas 
  
When DH areas are expanded, costs of implemented heat saving measures increase in 
district heating areas, particularly in low heat saving cost scenario 
(REN_DH_HS_LOW).  More expensive heat saving measures also become cost-efficient 
in expanded district heating areas. In individual heating areas average heat saving costs 
decrease in scenarios marked with DH.  
Interesting here is that, when costs of heat saving measures are low (scenarios 
REN_HS_LOW and REN_DH_HS_LOW), average cost of implemented heat saving 
measures increases in individual and decentral district heating areas. This can be 
explained by the shape of heat savings cost curves (Figure 2) – they are not continuous, 
but includes steps, since certain amount of heat savings can be implemented at particular 
cost. This means that the cost of the last (most expensive) heat saving measure which is 
cost-effective and implemented in particular area can be considerably lower than heat 
generation cost. At the same time the cost of a saving measure at the next cost-step is 
somewhat higher than heat generation cost and is thus not implemented. When costs of 
all heat saving measures decrease, in REN_HS_LOW and REN_DH_HS_LOW 
scenarios, all cost curves are reduced and more expensive heat saving measures become 
cost-effective. The highest average cost of implemented heat saving measures in the 
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scenarios, marked with HS_LOW is around 57 EUR/MWh and is reached in individual 
heating areas. 
4.3 Primary energy consumption 
The main primary energy resources in the analysed scenarios of the future 100 % 
renewable Danish heat and power sectors are wind and biomass – around 45 % and 30 % 
of primary energy (including ambient heat) respectively (Figure 10). 
 
 
Figure 10 Primary energy consumption in different scenarios 
 
Primary energy consumption does not vary significantly between the analysed scenarios. 
In the scenarios with expanded district heating areas resource consumption marginally 
increases – increased district heating losses have to be covered. When higher solar and 
wave energy capacities are available primary energy consumption slightly decreases. 
More energy is produced in wave power plants and photovoltaic cells with efficiency 
factor 1 and less straw is used in backpressure steam turbines, which has lower efficiency 
– 0.9. In REN_HS_LOW and REN_DH_HS_LOW scenarios solar thermal consumption 
decreases and the primary energy consumption is thus lower by around 2 % when 
compared to REN and REN_DH scenarios. 
The total system costs decrease by around 4 % in all scenarios where district heating 
areas are expanded. Investment costs of large-scale plants are lower and slightly lower 
capacity is required in REN_DH, REN_DH_POT and REN_DH_HS_LOW scenarios, 
despite increased heat supply losses (Appendix C). Clearly, the total costs, just as any 
other optimisation results, depend on fuel prices, investment costs, efficiencies of 
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Cost-effectiveness of heat savings in existing buildings has been analysed in the context 
of the Danish heat and power optimisation model Balmorel with a target of 100 % 
renewable energy generation in Denmark in the year 2050. The ramifications of 
expanding district heating to cover additionally 20 % of heat demand in buildings, which 
is today covered by heat generation in individual heating technologies, have been 
evaluated. 
Cost-efficient heat savings reach 12.5 % of heat demand in buildings in 2050, when only 
renewable energy resources are used for heat and power production. If longer lifetimes of 
heat saving measures are assumed, 17.5 % of heat demand in buildings is reduced. 
However, it can be expected that around 8 % of heat consumption in buildings in 2050 
will be reduced anyway, if windows in the existing buildings are replaced by the standard 
ones, available on the market today.  
The modelling results show that heat savings are more cost effective in buildings with 
individual heat generation technologies than in buildings, connected to a district heating 
system due to higher individual technology costs and lower heat generation flexibility 
and resource diversity. Thus, it is important to analyse heat saving options in the context 
of different heat generation systems and technologies as opposed to one assumed future 
energy price. Small heat pumps and solar collectors are installed in buildings, which are 
not connected to DH systems. In district heating areas several technologies, such as heat 
pumps, electric boilers, large solar collectors and biomass-based cogeneration plants are 
used for heat production. Due to electricity consumption for heat generation, and heat 
production in combination with electricity in cogeneration plants, electricity and heat 
sectors are highly interrelated, which has an effect on cost-effectiveness of heat saving 
measures. In individual heating areas heat generation costs increase with increasing 
electricity prices and more of heat savings become cost-effective. In district heating 
areas, when electricity prices increase, costs of heat generation in heat pumps and electric 
boilers also increase. However, in backpressure CHP plants heat prices decrease with 
increasing electricity prices. 
All analysed heat saving measures are to a different degree implemented in the model 
runs, reaching the lowest efficiency improvement standard (LEVEL 1) as opposed to 
implementing only few saving measures but to the highest heat saving level. More energy 
is saved per invested monetary unit when renovating to a lower efficiency standard. 
Higher heat saving standards will always be less cost effective, than lower, when 
comparing heat savings, achieved per unit of investment [38]. However, when modelling 
heat savings and heat generation under resource constraints the optimum is achieved at 
the lowest costs of providing thermal indoor comfort and hot water, by a combination of 
producing heat and implementing heat savings. For instance, when longer lifetimes of 
saving measures are assumed in the model, a higher roof insulation standard becomes 
cost effective.  
Heat savings cost curve is not continuous – there can be a notable difference between 
marginal costs of subsequent saving measures. It seems that, when heat saving costs 
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decrease, cost of implemented saving measures can increase as more expensive measures 
become cost effective at a given generation cost. 
Expansion of district heating systems results in slightly increased primary energy 
consumption, lower capacity investments and lower total system costs. Furthermore, the 
overall heat savings level slightly decreases. When district heating systems are expanded 
their heat load but also heat savings potential increases and more heat savings are 
implemented in DH areas.  At the same time heat savings in individual heating areas 
decrease. However, the differences between two scenarios – with and without district 
heating expansion – are rather small. The reasons for such small differences are energy 
resource constraints and flexibility in the model to invest in energy technologies. 
Consequently, the optimisation of heat and power generation with different shares of 
district heating results in two similar optimal systems, where small heat pumps are 
principally replaced with large heat pumps. If heat pump-based district heat generation in 
expanded DH systems would be replacing other type of technologies than small scale 
heat pumps (e.g. today – oil or natural gas boilers), the effects of expanding DH system 
would be more visible. Thus, it is important, which individual technologies are replaced 
by the district heat supply.  
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Appendix A – Map with district heating areas included in the analysis  

























Biogas plant with 
CHP, backpressure 0.48/0.46 3.6 29.4  540 0.1 19.2 20 
Solid oxide  
electrolyser 0.83 0.57  14    20 
Electric boiler, large 0.99 0.09 0.5 1 
   
20 
Electric boiler, small 0.99 0.15 0.5 1 
   
20 
Large heat pump, 
ambient temperature 3 0.55  4    20 
Heat pump, air-water, 
individual 3.7 1.14  12.8    20 
Heat pump, brine-to-
water, individual 4 1.71  12.8    20 
Large heat pump, heat 
source: 35C 3.8 0.55  4    20 
Solid oxide Fuel cell 0.55/0.37 0.38 9.5 
    
5 
Biomass gasifier with 
CHP, backpressure 0.43/0.62 2.56 16 54 100 0.2 0 20 
Hydrogen storage 1 0.01 
     
30 
Heat boiler, biomass, 
individual 0.91 0.87  2.85 50 6 25 20 
District heating boiler, 
straw  
1.08 0.76 3.8 
 
125 12 49 20 
District heating boiler, 
wood-chips 1.08 0.76 5.1  81 10 1.9 20 
Heat storage, district 
heating 0.95 0.0028      20 
Heat storage, 
individualb 0.98 0.089      40 
Photovoltaic cells 1 1.04 18 
    
30 
Solar collectors, 
district heating 1 0.21 0.54     30 
Solar collectors, 
individual 1 1.04 6.85 9    30 
Waste to energy CHP, 
backpressure 0.26/0.71 8.5 22 155 30 0.3 8.3 20 
Steam turbine, straw, 
medium, backpressure 0.29/0.72 3.8 6.1 38 125 0.1 49 25 
Steam turbine, straw, 
small, backpressure 0.30/0.60 4.4  176 125 0.1 49 20 
Steam turbine, wood 
pellets, extraction 0.52 1.89 2.1 58.5 35 1.2 1.9 40 
Steam turbine,  






116 81 1.2 1.9 20 
Wave power 1 3.2 9.5 
    
25 
Wind turbine, 
offshore 1 3.62 15     25 
Wind turbine, onshore 1 1.22 11.5 
    
25 
a For heat plants fuel efficiency is displayed; for extraction plants fuel efficiency illustrates electrical 
























Steam  turbine, biomass extraction
Steam turbine, biomass
backpressure
Waste to energy CHP,
backpressure
Solar collectors, individual
Solar collectors, district heating
Photovoltaic cells
Fuel cells
Large heat pump, 35 C
Heat pump, air-water, individual
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Abstract 
The trade-off between investing in energy savings in single family houses and investing in more 
expensive heating technologies with low variable costs has been modelled for a number of 
building and consumer categories in Denmark. Several situations of individual heating with 
different cost and technology characteristics in 2011 and 2030 have been addressed in a 
developed simple heating optimisation model. The households have an option to combine their 
primary heating source with a secondary heating by a woodstove, which is quite widespread in 
Denmark and has no energy or fuel taxes applied. We consider increased outdoor and indoor air 
pollution with fine particles, which are potentially harmful to human health, when using 
woodstove, in order to represent a close proximity to and tangibility of the environmental and 
health problems of air pollution for private consumers. We integrate health cost considerations 
into modelling of household use of woodstoves as secondary heating source. We investigate 
whether the monetary value of the possible health damage has an effect on the optimal 
consumers’ choice of a heating technology and heat savings. The results show that due to 
combination of lower costs of primary fuels and low environmental performance of woodstoves 
today, included health costs lead to decreased secondary heating and increased primary heat 
generation. In 2030 woodstove technology improves and due to high variable costs of primary 
technologies internalisation of health damage costs has only limited effect. In this case heat 
savings increase in buildings with costly electric heating. Overall the interdependence of heat 
generation and heat savings is significant – cost effective level of heat savings decrease by 66 % 
when private consumers have freedom to shift to a technology with low variable costs – wood 
pellet boilers.  
1 INTRODUCTION 
When a new building is constructed, a decision is made on energy efficiency of the building 
envelope and heating system in a building, as well as heat source together with heat 
supply/generation technology is chosen. These are long-term investment decisions that define 
thermal comfort level, heat demand, fuel dependency and heating costs, as well as environmental 
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impacts of the building for at least a couple of decades. These parameters can usually only be 
changed after a longer time period (e.g. 25 years) in connection with a larger renovation of the 
building (Siller et al., 2007). Thus, choices, made during construction/renovation of buildings are 
significant for overall energy consumption in a country or region. 
Three quarters of final energy, supplied to the EU households is consumed for heating purposes 
(ODYSSEE, 2009). A considerable share of this energy goes to cover heat losses that can be 
eliminated by employing well known techniques, such as improving thermal insulation of 
building envelope and replacing windows with more efficient ones. It has been estimated, that it 
is technically possible to reduce heat demand by 40% by 2030 by refurbishing existing buildings 
in the EU-27 countries (European Commission, 2011). There is however a large gap between 
these technical options and the actual investments made. Understanding the investment behaviour 
and existing incentives are crucial when addressing the optimal saving investments and policy 
measures that can affect private behaviour.     
Around 20 % of gross energy consumption in Denmark is utilised for heating in buildings (DEA, 
2011). In households, around 70 % of final energy is used to maintain a comfortable indoor 
temperature during the cold months of a year and to heat the domestic hot water. According to 
Tommerup and Svendsen (2006) Technical heat saving potential in the Danish buildings can 
reach 75-80 % by 2050.  
The IPCC report on Mitigation of Climate Change (IPCC, 2007) stresses the importance of 
integrated design – buildings, engineering systems and generation technologies should operate 
effectively together in order to utilise energy in the most efficient way possible. Decisions, 
regarding heat saving investments and choice of heat generation technologies are co-dependent. 
Several recent studies (Tommerup and Svendsen, 2006, Amstalden et al., 2007, Gaterell and 
McEvoy, 2005) have shown that the price of heat is a decisive factor for the economic 
effectiveness of heat saving measures in buildings. Clearly, the price depends on the cost and 
efficiency of heat generation technology, fuel price as well as energy taxation. On the contrary to 
heat consumers, connected to a district heating system, homeowners with individual heating 
technologies have greater flexibility to decide upon the cost of heat by choosing technology and 
fuel. The challenge for these consumers is to find a trade-off between investments into heat 
savings and heat generation. Such decision depends clearly on the cost-characteristics of different 
alternatives – investment and operation costs and fuel prices. From the socio-economic point of 
view the profitability of different decisions depends also on environmental externalities, such as 
global climate change and local air pollution impacts. When it comes to private decisions 
regarding heat saving investments, it is often assumed that the optimisation includes only avoided 
energy expenditures. Environmental externalities of decentralised energy generation and co-
benefits of heat savings are described in several studies (e.g. Canova et al., 2008; Silveira et al., 
2007; Mancarella and Chicco, 2009; Jakob, 2006; Banfi et al., 2008 and Clinch and Healy, 2001).  
However, externalities are not internalised in decisions by private homeowners.  While, in fact, 
the residential heating sector is one of the main sources of local air pollution and part of the 
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pollution is directly affecting health of the residents. For example, high wood consumption in 
heat boilers and particularly in woodstoves and fireplaces by the Danish households contributes 
considerably to fine particle (PM2.5) emissions by residential sector, which is responsible for 
around 70 % of national emissions of PM2.5 (Nielsen et al., 2010). These emissions increase air 
pollution levels in residential areas and cause health damage locally (Olesen et al., 2010). 
Besides, use of woodstoves and fireplaces causes indoor air pollution. Consequently, it is 
reasonable to assume that health related externalities of these secondary heating technologies are 
to some extent internal for the households.  
Consequently, in this paper we investigate and discuss two research questions: 
• How can inclusion of local externalities change the investment decisions in the residential 
heating sector?  
• How significant is interdependency of heat saving measures and individual heat 
generation technologies? 
We identify the main characteristics of individual heating – different consumer groups and their 
heat demand, primary and secondary heat generation technologies, fuels and their prices, 
including levies and energy taxes. Furthermore we analyse heat saving potentials and costs in the 
studied buildings. We construct a simple optimisation model for the investment decisions by 
households with no access to district heating supply. The findings enable us also to assess the 
rebound effect on heat consumption, as a result of decreased variable heating cost per square 
meter of heated area, due to improved thermal properties of a building or due to shift to a heat 
generation technology with lower variable costs. 
2 HEAT DEMAND, SAVING OPTIONS AND HEAT TECHNOLOGY CHOICE 
Demand for heating is an important part of energy demand in countries with cold climate such as 
Denmark, and depends on a number of parameters of which some are individual and others are 
set by the regulatory and planning environment. Property tax schemes affect dwelling size and 
urban planning affect types of dwellings and heat sources. Building codes also regulate in detail 
the construction and energy efficiency of dwellings. Individuals demand indoor thermal comfort 
in their dwellings and hot water supply (heating services), and primary energy for heating is 
thereby not directly providing use (or utility) to households.   
This paper illustrates and models the private integrated choice of heat generation technology and 
investments in energy savings. We start by discussing consumer control of the elements in the 
energy chain from comfort level to the primary fuel use. 
The required indoor thermal comfort level and hot water consumption principally depends on the 
following factors: 
• consumer’s income 
• price of heat 
• habits/preferences 
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With rising income individuals increase their demand for heating services by increasing indoor 
temperature and heating more rooms a larger fraction of the year or by, for instance, consuming 
more hot water. The upper limits to the utility derived from this tend to make this effect lower 
with higher income. Income elasticity’s are generally found to be considerably less than 1 for 
heating characterising it as a basic good.  
An increase in the heat price reduce consumers’ demand for heating services by, for example, 
making people more aware of avoiding excess heating in areas not used and directly affecting the 
indoor temperature they set. Empirical estimates for price elasticity’s are found in a broad range 
between -0.1 to -1.  
Habits based on historical trends and social organisation of family life etc. affects the demand, 
which is seen especially when comparing across countries. Countries, where social activities 
outside the home are at a high level, tend to have lower demand for heating services in dwellings.  
The demand for the thermal comfort and hot water is only the first step in determining the energy 
needed for heating purposes. The comfortable indoor temperature level is a result of useful 
energy, delivered to a dwelling and energy efficiency of the building envelope. A homeowner is 
directly in control of the chosen indoor comfort level and the investments that could improve 
energy performance of the building. Energy saving investments are undertaken as long as their 
costs are below the costs of the useful energy delivered for heating the house. The homeowner on 
the other hand only controls some of the parameters that determine costs of the supplied heat. The 
costs of each type of fuel, including electricity and district heating, are not controlled by a 
consumer. Total primary energy consumption for covering demand for heating services is 
determined by the efficiency of the heating system in a building, local conversion efficiency at 
the building (e.g. individual heating technologies or a district heating connection), efficiency of 
energy supply system (district heating, electricity and gas networks), central heat and electricity 
generation efficiency which determines the primary fuel input. Of these, building heating systems 
are mostly controlled by the homeowners. The local heat (generation) technologies are sometimes 
controlled (when there are no legal restrictions) by the owner, but there are often high investment 
costs and long lifetime of such equipment, which limits the number of times, where this decision 
is free for the consumer. Efficiencies of energy supply network and central energy generation 
technologies are not under control of the individual consumers and in case of district heating it is 
also in Denmark legally difficult to switch to another type of supply. 
The choices, related to final heat demand and heating technology, which can be most freely made 
are those associated with designing and constructing new houses. In this case it involves a long 
term minimisation of costs for providing the desired heating services, including investments in 
additional insulation, heating technology, etc. 
In this paper we focus our analyses to the specific situation set by the Danish regulations, 
building codes and characteristics of the building stock. The existing building stock will 
determine a major part of energy consumption for heating for a reasonable time horizon as the 
new buildings have low energy consumption and are only added gradually. This effect of 
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gradually improving the average heating efficiency with new vintages of buildings is for example 
illustrated in a model for Denmark (Jacobsen, 2001). Due to the limitations on shifting away 
from district heating we concentrate our investment modelling on the individual heating 
technologies excluding thereby the large share of dwellings in Denmark, which are connected to 
district heating. For existing dwellings the choice of comfort level is always free, but the heat 
saving investments are characterised by high costs except when buildings are undergoing 
renovation anyway. Therefore saving investments have to be modelled with different costs in 
these two situations. The choice of heating technology can be considered free for residential 
buildings that are not situated within district heating areas, especially for those technologies that 
are not locked in for a long period. In general, economic and technical lifetime of individual heat 
generation technologies, such as electric heating, and oil-, biomass- natural gas-boilers and 
similar technologies is limited to 15 to 20 years.  
3 EXTERNALITIES 
The energy sector causes global and local environmental impacts. Global warming effects due to 
emissions of greenhouse gasses from fossil fuel combustion are of major international concern. 
At the same time regional environmental problems and local damage of human health due to 
pollution with SO2, NOx, PM2.5 etc. are also noteworthy when it comes to internalising total 
externality costs in markets. For individuals the local health costs would be more important when 
making investment decisions and choosing the heating technology and comfort level. 
Developments in heat comfort demand, energy efficiency of buildings and in heat generation is 
central for reducing these emissions and both local and global externalities.  
For the residential sector the internalisation of externalities are represented through the taxes 
imposed on their energy use. This mainly covers the effects associated with CO2 emissions, 
whereas the other more local emission effects are not accounted for. As the local effects to some 
extent are controlled by individuals, for instance, through their choice of heating technology and 
fuels these externality costs should enter the decision process of the optimising individual.  
In Denmark CO2 emissions directly associated with consumption by households have decreased 
by around 45 % during the last 20 years (DEA, 2011). This is especially a result of reduced oil 
consumption in the residential heating sector caused by savings and substitution, where oil has 
been replaced by district heating, natural gas and also a considerable growth in the use of wood 
and wood pellets. Combustion of wood for the domestic heating has increased nearly four times 
during that period and continues to grow. As a result, households have become significant 
contributors to the release of local air pollutants, particularly fine particles – PM2.5. 
Consequently, almost 70 % of national fine particle emissions today come from residential wood 
combustion in boilers, stoves and fireplaces (Nielsen et al., 2010). This illustrates the importance 
of controlling this particular emission source, and we therefore investigate whether private 
optimisation could theoretically limit the expansion of such technologies because of their 
externality costs. 
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Particle emissions from residential heat generation can cause damage to human health – a number 
of studies have shown a clear correlation between particle pollution and adverse health effects 
(Pope and Dockery, 2006). Release of particles from domestic wood combustion in dense 
residential neighbourhoods can cause pollution concentrations that are comparable to air 
pollution in urban areas with heavy traffic (Olesen et al., 2010). Pollutants from a woodstove or 
an individual boiler are released at a low altitude (~ 6 m) and in highly populated areas – 
consequently possibilities for pollutant dispersion and dilution are poor and population exposure 
to harmful particles is high. Especially wood combustion in woodstoves is characterised by high 
particle emission rates. Particle release from a modern wood stove is around 10 times higher than 
that of the wood pellet boiler and several hundred times higher than for a central wood-based 
plant (Olesen et al., 2010). Furthermore the Danish study WOODUSE (WOODUSE, 2009) has 
shown that wood stove use can contribute considerably to indoor air pollution – especially during 
the lighting of a cold stove and due to a poor draught in the chimney (Olesen et al., 2010).  
Consequently, in this context the households are both – personally involved in causing negative 
environmental effects and are directly experiencing these effects (Petersen, 2008). Moreover, 
they are central in mitigation of these problems. Thus, health damage costs due to particle 
emissions from domestic wood combustion in a woodstove or fireplace can to some extent be 
considered internal (especially when taking into account indoor air pollution) for the mentioned 
households and should affect their investment behaviour. 
Implemented heat saving measures in residential buildings will decrease heat consumption and 
heat generation and fuel consumption, hence reducing energy bill, as well as health and 
environmental impacts. Energy efficiency related improvements of buildings also bring other 
accompanying benefits, which are often left out in the evaluation of heat saving investments. 
Jakob (2006) identifies benefits, such as increased comfort level due to reduced temperature 
difference between insulated wall and indoor air, protection against external noise by better 
quality windows and roof insulation, improved indoor air quality after installed mechanical 
ventilation system. The author expresses monetary value of these additional benefits through 
increased rental rate or selling price of a property and subtracts the benefits from the marginal 
cost curves of heat saving measures. The results of an analysis of willingness to pay for energy 
efficiency benefits, including co-benefits, such as thermal comfort, noise protection and better air 
quality by Banfi et al. (2008), shows significant value of these improvements for the Swiss 
consumers.  In the study of the Irish dwelling stock by Clinch and Healy (2001) in addition to 
enhanced comfort level, focus is also on improvements in human health as a result of increased 
thermal quality of building elements and consequently higher indoor temperature and lower 
humidity. Generally the ancillary benefits of heat saving investments are rarely quantified and 
used in cost benefit analysis and modelling of heat saving measures. For our analysis we 
concentrate on health costs of particle pollution from woodstove use only and do not include 
monetary values of heat savings co-benefits. 
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4 THE MODEL AND SCENARIOS 
The model illustrates decision making in the residential heating sector when a possibility to 
invest in different heat generation technologies and heat saving measures is considered and when 
health damage costs of particle emissions from woodstoves are included in the consumer’s choice 
of heating. Investments in heat savings reduce the amount of heat, needed for covering heat 
losses through building envelope and ensuring desired indoor temperature. The benefits of heat 
savings are reflected in reduced fuel consumption and fuel costs and to some extent lower 
investments in heating technologies. If use of woodstoves is replaced, heat saving benefits also 
include reduced air pollution and related health damage. Thus the goal of the model calculations 
is to find the degree of heat saving investments by private consumers, the cost optimal heat 
generation in primary and secondary technologies and future investments in heat production 
units. 
We apply an optimisation modelling approach for the analysis of decision making by different 
groups of residential consumers with individual heating technologies. This choice implies the 
assumption that the consumers behave rationally and they only derive utility from the heating 
services (ensuring a certain indoor thermal comfort level and covering hot water demand). In 
reality there are other benefits from different heating technologies such as the joy of watching the 
flames in a woodstove.  The model includes two variables –heat production in different 
technologies (including woodstoves) by different consumer groups (HPCG,HG, kWh) and heat 
savings, achieved by investing in various saving measures in each group of buildings/consumers 
(HSCG,HG, kWh). 
The objective function is minimisation of total private costs (EUR) for covering annual demand 
for thermal comfort and hot water. It includes investments into heat generation technologies (
HGCGIC , ); operation and maintenance costs ( HGCGOMC , ); fuel costs ( HGCGFC , ); health costs of air 
pollution ( HGCGHC , ) and heat saving investment and operation and maintenance costs ( ELMCGIC ,
and ELMCGOMC , respectively): 
 










HGCGHGCGHGCGHGCG OMCICHCFCOMCIC ,,,,,,min  
  
The indices mean the following: 
CG – consumer group by building type and age, exiting heating technology, owner-occupied or 
rented, with or without a woodstove and with or without a cellar; 
HG – individual heat generation technology, used in a scenario (including woodstoves); 
ELM  – heat saving measure. 
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The objective function minimises overall annual heating and heat saving costs – the sum of the 
costs for all consumer groups. On the other hand, heat generation and implementation of heat 
savings are independent in each consumer group, as they do not compete for the same limited 
resource and all constraints are defined for every consumer group. This means that each category 
of dwellings (consumers) is treated as a private representative entity minimising the costs 
independently from all other categories. Therefore, the results of such overall optimisation reflect 
optimal heat generation and heat saving solutions for each consumer group separately. In that 
way minimising private costs may differ from minimising total social costs of heat supply, where 
the energy resources often are limited and the consuming entities compete for the same resource, 
or where a limit is set for the total emissions of e.g. CO2.  
The annual cost of covering heating demand is minimised in the model. Hence annualised 
investment costs are included in the objective function for both heat generation technologies and 
heat saving measures. The investment costs are annualised based on their technical lifetime:  
 
 =  ∙ 	
1 − 
1 + 	 
 
 – annualised cost of investment, EUR; 
  – investment cost of a technology or heat saving measure, EUR; 
 – technical lifetime of an investment, years; 
r – private discount rate. 
In general heat generation technologies have shorter lifetime than most heat saving measures. 
When comparing costs of heat savings with costs of e.g. boilers the underlying assumption is that 
investments in heating technologies can be identically repeated. This means that the higher risk, 
related with long term investments, is not accounted for in the described optimisation.    
When reinvesting or investing into new technologies the building heating system (radiators) and 
other ancillary installations (e.g. accumulator tank or ground heat exchangers) are also replaced. 
All ancillary investments () have a longer lifetime than heat generation technologies (). 
Hence the total investment costs of heating technologies consist of at least two parts with 
different technical lifetime. The annualised capital costs, included in the model, are calculated by 
simple addition of investments, annualised using respective lifetime ( <	): 
 
 =  ∙ 	
1 − 








Simply adding the annuities for the two parts of a heat supply technology with different lifetimes 
clearly includes an assumption that an additional investment  can be made for the remaining 
lifetime of . The annual productivity/efficiency of the investment  is assumed to stay 
unchanged for the entire lifetime . 
No technology investment costs are included in the expenditures by consumers, renting their 
dwellings. Technology is assumed to be installed by a landlord. Whereas heat saving 
investments, are considered to be a free choice by the renters. For rented buildings an 8 year 
investment horizon is considered in the calculations. Hence the investments are annualised using 
lifetime of 8 years. This affects the profitability of heat saving investments for renting categories 
considerably. 
Yearly fuel costs HGCGFC ,  (EUR) for each consumer group are calculated as a result of the yearly 
heat generation by a particular technology (kWh) and fuel cost (EUR/kWhheat) of that technology, 
which accounts for fuel efficiency of a generation unit. 
Operation and maintenance costs for both heat generation technologies and heat saving measures  
( HGCGOMC ,  and ELMCGOMC , , EUR) include annual fixed costs in EUR/m2heated area, multiplied with 
the area of building groups (m2heated area) with a particular technology or implemented saving 
measure. Operation and maintenance costs of heat savings are only relevant to mechanical 
balanced ventilation system with heat recovery and include electricity consumption by fans and 
yearly replacement of filters. 
All costs reflect consumer prices and therefore include a value added tax, which in Denmark is 25 
%. Fuel prices also include fuel taxes (such as energy and CO2 taxes) and fuel supply fees and 
transport costs.  
The yearly health costs of air pollution ( HGCGHC , , EUR) include costs of damage to consumer 
health mainly due to indoor emissions of fine particles (PM2.5) from woodstoves. The annual 
costs for each consumer group are calculated from yearly heat generation by woodstoves (kWh), 
multiplied by health costs of woodstove technologies (EUR/kWh), where the costs per unit of 
pollutant (EUR/kg), technology pollution rate (kg/kWhfuel) and fuel efficiency of woodstoves are 
accounted for. Clearly, the indoor air pollution depends on the consumer behaviour, when using 
woodstove, however this variation is not analysed in this paper. Other, primary, individual 
heating technologies also emit fine particles, however, the emissions are significantly lower from 
wood pellet boilers and even less from oil and natural gas boilers; and the pollutants are not 
released indoors, where the consumers reside. Thus, internal health costs due to own air pollution 
from heat boilers are considered to be insignificant for the residents.  
The annual heat demand  	(kWh) includes energy needed for both domestic hot water and 
for ensuring comfortable indoor temperature. In the model this demand is a result of the total 
heated area !  (m2) and the current specific heat demand "  (kWh/m2) of each 
building/consumer group. The initial demand is calculated exogenously as: 
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The heat demand of each consumer group can be reduced by diminishing heat losses from 
dwellings by implementing energy efficiency improvements of building elements and installing 
mechanical balanced ventilation system with heat recovery, when buildings are undergoing a 
larger renovation. The remaining heat demand for preparation of domestic hot water and for 
covering the (remaining) heat losses can be supplied by heat generation in primary and secondary 
heating technologies. Only one secondary heating technology is considered in the model – 
woodstoves. This is chosen because it is the far most widespread and the one with significant 
impact on health. Electric heating is also used, but more limited and only as a supplement when 
capacity or area coverage of primary technology is constrained. These relations are expressed by 
the heat balance equation for each consumer group in the model: 
 
 =#$ ,& 
& 
∙ 







HPCG,HG – yearly heat production by primary technology in each consumer group, kWh; 
 HP2CG,HG2 – yearly heat production by secondary technology (woodstoves) in different consumer 
groups, kWh; 
 HSCG,HG – yearly heat savings, achieved by investing in different saving measures, kWh; 
HLOSS – heat losses in engineering heating and hot water system, which are not utilised for 
heating, expressed as a share of heat production. 
Clearly, a woodstove can deliver heat and provide the needed indoor thermal comfort; however, 
the heat might be concentrated to a limited area in a house and most likely cannot cover demand 
for thermal comfort in the entire building. Likewise, woodstoves cannot cover energy demand for 
hot water preparation. Therefore heat generation by woodstoves in each consumer group is 
modelled with limits: 
 
$2 ,&  ≤ ",&  ∙ 
 − "  
 
Here SECHHG2 is an assumed share of the heat demand in a building that can be covered by using 
a woodstove. Based on statistics of average yearly wood use per woodstove and energy efficiency 
of existing woodstoves it has been assumed that woodstoves can cover maximum 30 % of the 
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heat demand in buildings. When heat savings are implemented and heat consumption decreases it 
is assumed that heating contribution from woodstoves decreases also.  
Heat savings of each consumer group, achieved by investing in insulation of walls and other 




∙ "!- ,)* 
 
Here:  
"$)* – annual heat savings potential of an implemented heat saving measure, kWh/m2: 
"!- ,)* – heated floor area, which corresponds to a share of buildings, with implemented 
heat saving measure (ELM), m2. 
Heat saving costs in the model include only additional expenditures for implementing heat 
savings, when a building undergoes a major renovation anyway, thus "!- ,)* is limited to a 
share of buildings that are expected to go through a larger refurbishment –.,/ . 
 
"!- ,)* ≤ .,/ ∙ !  
 
A general effect to consider when modelling energy savings is the rebound effect. By increasing 
energy efficiency, for example, by increasing insulation standard of a house, the variable costs of 
providing a heating service decrease. Therefore a consumer, responding to lower costs will, 
depending on the price elasticity of heating, demand a higher level of comfort. That corresponds 
to increasing the room temperature, the heated area, the share of a year that an area is heated or 
even increasing hot water consumption. 
In this model we include optimal investments in energy savings that mostly reduce the variable 
costs of providing heating comfort and therefore the short term price of heating. The model 
implementation is made by initially running the optimisation model without the flexible 
investment options into heat saving measures or new heat generation technologies and then 
comparing this to an optimal solution including the flexibility for heat technology or savings. The 
change in variable heating costs ∆1  (fuel costs in EUR/m2heated area) between the two scenarios 
are then treated as the cost change for covering heat service (indoor thermal comfort and hot 
water) demand. This change results in a demand reaction from all household categories. Finally 
we feed this demand reaction to an effect on final energy input needed to supply demand for heat 
service and calculate heat consumption after the described rebound effect is accounted for – 
 2345 .  
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 2345 = 
 −"  ∙ 61 + ∆1 1 43783 ∙ 9 : 
 
Here VC=>?@ABC@ is the variable heating cost (EUR/m2heated area) – the result of a scenario without 
flexible investment options. The elasticity e=> for each category of consumers is assumed 
identical and equal to 0.2. As the optimal savings investments and the corresponding change in 
variable costs of supplying heating service is expected to fluctuate greatly among the categories 
the rebound effect will also exhibit large variation among the categories.  
We calculate 3 different scenarios where we analyse different cases (Table 1). 
Table 1 Calculated scenarios and cases 
Scenarios Description 
2011 with existing 
technologies 
2030 with reinvestment in the 
same technologies as existing 
2030 free choice 
of technologies 
REF REINVEST_REF INVEST_REF Reference case – heat saving options 
and health costs are not included 
REF_EXT   Health costs are included 
BASE REINVEST INVEST Heat saving options are included 
BASE_EXT REINVEST_EXT INVEST_EXT Both heat savings and health costs 
are included 
 
Comparing from different scenarios and cases we can illustrate the effect of combining general 
dwelling renovation with heat savings investments and investments in heat generation 
technology. 
5 DATA 
The analysis focuses on currently existing dwellings in Denmark that do not have access to a 
district heating network. The analysis is limited to buildings where owners are able to make 
individual decisions – farmhouses, detached and non-detached single family houses. The point of 
departure in the model is heat demand in the existing buildings and currently operating individual 
heating technologies. 
The specific heat demand (" , kWh/m2) is based on the data from (Rambøll, 2008) where 
heat demand is calculated for year 2006. It means that in our analysis we use heat demand 
corresponding to 2006 demand level and assume that no heat savings have been implemented 
until 2011 – the reference year in the model. Likewise we do not project heat demand for year 
2030 – instead, we analyse the same existing buildings and their heat demand, based on 2006 
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data, in another situation i.e. with fuel prices, and technical and cost characteristics of heating 
technologies which are expected in 2030. 
The consumer groups included in the model represent different building groups (Table 2). 
Amount of buildings in each group is expressed in total heated floor area (m2). The data is 
extracted from Heat Atlas – a GIS database, which includes data on building age and purpose as 
well as heat source and heat installation in the Danish buildings (Möller, 2008) and is based on 
the Danish building register (BBR). The analysis is limited to farmhouses and detached and non-
detached single family houses. The buildings are further grouped by their age (the period of 
construction) and by the installed individual heating technology. The database includes the total 
number of heat pumps, installed in the buildings. It is assumed that 20% of the pumps are 
geothermal heat pumps and the rest use ambient air as heat source. The Heat Atlas also includes 
information on secondary heating technology – in this article the focus is on woodstoves. Two 
consumer groups are distinguished – with and without woodstoves. However, only half of 
currently installed woodstoves (Evald, 2010) are registered and included in the Heat Atlas. 
Therefore, the number of woodstoves in each consumer group has been doubled in order to 
obtain a more realistic picture of wood use for heating in residential sector. This is clearly a 
simplification, as the assumption is that Heat Atlas underestimates the number of woodstoves for 
all consumer groups equally, which might not be the case. On the other hand this has only an 
impact on the size of the consumer groups with woodstoves and not on the optimal heating 
solutions. Finally residential heat consumers are divided by – owner-occupied or rented; and for 
heat saving calculations buildings are further divided in two groups – with and without a cellar. 
Consequently, the analysis includes 1008 groups of consumers. 
Table 2 Categories for consumer groups 
Building purpose Farmhouses; detached single family houses; non-detached single family 
houses 
Building construction period <1930; 1931-1950; 1951-1960; 1961-1972; 1973-1978; 1979-1998; 1999-
2003  
Primary heating technology Biomass (wood pellet) boilers; Electric heating; Heat pumps air-water;  Heat 
pumps ground-water; Natural gas boilers; Oil boilers  
Secondary heating with woodstoves No secondary heating; Woodstoves 
Ownership/occupant type Owner-occupied; Rented 
Cellar Buildings with cellar; Buildings without cellar 
 
The total heated area of buildings, included in the analysis amounts to 104.8 million m2 – around 
one quarter of the total area of heated buildings in Denmark, identified from the Heat Atlas. 
Figure 1 illustrates the share of different buildings by ownership (to the left) and the distribution 
of woodstoves among different building types in the model. Non-detached single family houses 
have the highest share of rented houses – almost 60 %. Woodstoves are mostly installed in 
detached single family houses and farmhouses. 
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Figure 1 Distribution of the analysed single family houses by ownership (to the left) and secondary heating 
source (to the right) 
 
The total heat demand in the three building types in the model reaches 16.5 TWh (Figure 2) and 
amounts to almost one third of heat consumption in all buildings in Denmark.  
 
Figure 2 Total heat demand of analysed buildings 
 
The residential buildings with individual heat generation, included in the analysis, are dominated 
by detached single family houses. Heat demand in these houses amounts to 75 % of the total heat 
demand in the model. 
Heat Savings 
Five heat savings measures are included in the calculations – additional insulation of walls, roof 
and floor, more energy efficient windows and mechanical ventilation with heat recovery. Heat 
savings potential of different saving measures depends on the heat loss reduction through the 
improved building elements and by reduced heat losses due to ventilation. The total heat savings 
potential, included in the model, is 9.2 TWh and reaches 56 % of the total heat demand in the 





















































The costs of improving energy efficiency of the buildings are based on Wittchen (2004), Kragh 
and Wittchen (2010) and Tommerup (2010). The investment costs per m2 of heated floor area and 
the lifetime of heat saving measures in the model are presented in Table 3. 
Table 3 Heat saving costs and assumed lifetime 
Heat saving measure 
Insulation after savings Investment cost 2011 
a







heated area  Years 
Wall  300 187.9-229.0
 
171.3-208.7 40 
Floor 100/150 35.2/48.1 32.1-43.9 40 
Roof 400 20.1-55.0 18.4-50.2 40 
Window Uvalue= 1 W/m
2
K 27.7 25.2 20 
Ventilation with heat 
recovery 
- 67.1 61.2 30 
a
the variation is due to different additional insulation thickness needed and different element-to-heated floor area ratio for 
different buildings 
 
The costs are additional costs for efficiency improvements and do not include the general 
building refurbishment expenses. The prices include the Danish value added tax of 25 %. Heat 
saving costs are distinguished for the years 2011 and 2030, where heat saving costs are assumed 
to decrease by around 9 % compared to costs in 2011 due to productivity increase. The 
mechanical balanced ventilation system with heat recovery also includes the yearly maintenance 
cost for replacement of filters (0.32 EUR/m2heated area) and electricity consumption in fans (1.59 
kWh/m2heated area). 
Externalities 
In this analysis we focus on emissions of local pollutants that can cause negative health effects, 
namely, emissions of fine particulates (PM2.5). Wood burning in woodstoves is causing high 
PM2.5 emissions – both outdoors and indoors. We consider that, in addition to increased pollution 
concentrations in the ambient air due to wood combustion, woodstove owners are exposed to the 
increased indoor air pollution by fine particles, mainly due to the process of starting a fire in the 
stove. Thus, in the model potential negative environmental and health effects of woodstove use 
are incorporated in heating decisions by consumers. The average external health cost of 28.1 
EUR/kg for particle emissions from residential sector in Denmark (Brandt et al., 2011) is used as 
internal health cost of PM2.5 for private consumers and is the same for different locations – urban 
and rural. This is an assumption, which can underestimate the negative effects that woodstove 
users experience, in the case of high indoor air pollution with particles. On the other hand, in the 
case of a well-controlled and low polluting wood-burning practice the cost can be overestimated. 
Nonetheless, on a yearly basis, the internal health cost of particles used for calculations is lower 
than the woodstove tax, proposed by the Danish Ecological Council (2012). 
Emissions of other local pollutants (e.g. NOx, SO2) as well as emissions from other residential 




Heat generation technologies 
Individual heating technologies generate heat at different costs and have different emission rates. 
In different scenarios two types of individual heating technologies have been included – the 
technologies, that cover heat demand today and the new technologies, assumed to be available in 
2030. Economic and technical characteristics of different technologies are presented in Table 4 
and are mainly based on Rambøll (2008). The table includes cost data for technologies of 8.3 kW, 
assumed to be installed in a single family house with a yearly heat consumption of 15 MWh. The 
costs include the Danish value added tax, of 25 %. 


















Heat pump 15 10050 18 
100 2.9/3.3
a 
- Ground heat 
exchanger 40 6700 52 
Air-water heat pump 15 8375 52 75 2.4/2.8 - 
Wood pellet boiler 15 8375 6 282 0.78/1.0 (32)
b 
Oil boiler 15 7500 6 230 0.85/1.0 (5) 
Natural gas boiler 15 5000 6 105 0.88/1.02 (0.1) 
Hydraulic heating system 40 6713 30 101 0.975
c 
- 
Electric water heater 20 1375 0 12 0.99 - 
Electric heating 40 3356 30 50 1.0 - 
Woodstove
d 
20 2813 0 42 0.5/0.7 660/330
a 
Connection to natural gas supply
e 
30 2013 0 - - - 
Accumulator tank oil/heating 40 1678 0 - - - 
          
          a
 existing technologies/new technologies in 2030 
          b 
emissions, presented in the brackets are not included in the model calculations 
          c 
it is assumed that a half of 5 % heat losses are being transferred to heating of a building during winter period 
          d
Grønvald, 2007 
          e
Dong Energy, 2012 
 
The yearly operation and maintenance costs, expressed in 2011 prices, are assumed to be the 
same for existing technologies and technologies installed in 2030. Fuel efficiency and emissions 
of fine particles are distinguished for current heating installations and future technologies. 
Whereas only future technologies, installed in 2030, encounter investment costs.  
In the model the fixed technology costs are distinguished from variable costs. Fixed costs include 
yearly operation and maintenance costs and a fixed share of investment costs, determined by 
analysing costs of heating technologies of different capacities. In the model, fixed costs are 
expressed in EUR/m2 of building heated area and variable costs in EUR/kW of installed capacity. 
The installed generation capacity depends on heat generation and assuming 2000 yearly full load 
hours.  
Fuel prices 
Fuel prices are projected up to 2030 (Table 5) based on current fuel and electricity prices for 
households combined with projections of underlying fuel costs from the Danish Energy Agency 
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(2011). Current fuel and electricity consumer prices and taxes are presented in Figure 3. The 
prices include energy and environmental (CO2 and NOx) taxes as well as distribution (natural gas 
and electricity) and transportation fees. The prices and fees are based on the factual data from 
year 2011 (DERA, 2011; EOF, 2011; Sønderskovhjemmet, 2011; Sydjyskstoker, 2011). From the 
figure it can be seen that a larger share of the fossil fuel and electricity price for consumers are 
taxes and fees for distribution – for natural gas and electricity they reach 75 % of the total price. 
At the same time taxes comprise only approximately 25 % of the final biomass price.  
 
 
Figure 3 Fuel and electricity prices for private consumers in 2011 
 
Table 5 includes fuel prices, used in the calculation in the two time periods in the analysis. 
Table 5 Fuel prices for private consumers 
EURcent/kWh Natural gas Gas oil Wood pellets Wood Electricity 
2011 11.2 13.9 5.2 4.4 23.9 
2030 19.4 19.6 5.9 4.9 45.8 
 
6 MARGINAL HEAT SAVING COST CURVES AND RESULTS 
Comparing heat saving options with heat generation technologies provide an overview of the cost 
characteristics included in the model. This is a very important input to the model with Figure 4 
and Figure 5 illustrating that the cheap generation technologies only leave few energy saving 
options as attractive, namely windows and to a limited extent roof insulation. For comparison 
with heat saving costs, the figures include only the variable heating costs, which can be reduced 
by implementing heat savings. Thus, the cost is dominated by fuel prices for consumers both in 
2011 and in 2030. In 2011 no heat savings are cost-efficient if wood pellet boilers are used for 
heat generation, insulation of walls is not economically viable and ventilation with heat recovery 
would only be installed in a few buildings with electric heating. Woodstove costs here include 






























Figure 4 Heat saving and heat generation marginal cost curve for year 2011. The costs include incremental 
heat saving costs excluding renovation expenditures and heat generation costs include fuel costs and health 
costs for woodstoves. 
 
 
Figure 5 Heat saving and heat generation marginal cost curve for year 2030. The costs include incremental 
heat saving measure costs excluding renovation expenditures and heat generation costs include variable part 









0 1000 2000 3000































0 1000 2000 3000

























In 2030 higher fuel prices but at the same time higher fuel efficiency (and lower pollution rates) 
of new technologies lead to still low wood pellet boiler and woodstove-based generation costs. 
Cost for implementing heat savings decrease by 2030. As a result insulation of walls is now cost-
efficient for consumers with electric heating, windows are economically viable also where wood 
pellets are used for heat generation and roof insulation is cost efficient in combination with all 
heat generation technologies except wood pellet boiler.  
Scenario REF in Figure 6 represents the optimised reference situation in the analyses. Around 12 
% of total heat demand is covered by the secondary heating technology – woodstove. When 
health costs of woodstove use are included (REF_EXT), utilisation of this technology decreases 
four times to 2.5 %. Only consumers with electric heating still use woodstoves. Including heat 
savings in BASE and BASE_EXT cases (year 2011) result in heat demand reduction by more 
than 18 % of the total heat demand in buildings. The woodstove-related health costs have only 
marginal (0.3 %) effect on heat savings in BASE_EXT. The heat from woodstoves is replaced by 
increased generation in the respective primary technologies. In the 2030 scenario REINVEST, 
where consumers are forced to reinvest in the existing type of primary technologies, heat savings 
reach almost a quarter of initial heat demand included in the analysis. Here the variable heating 
costs are higher than in 2011 due to higher fuel costs and heat savings can reduce the variable 
share of investment expenditures by downsizing heating capacity.  Health costs related to 
woodstove use decrease due to better fuel efficiency of woodstoves and lower particle emissions. 
Health costs do, as a consequence of this, not have an effect on the amount of heat generation by 
woodstoves and only limited effect on heat savings – therefore this case is not illustrated in 
Figure 6. When consumers have a free choice of technology in 2030 (INVEST_REF and 
INVEST) wood pellet boiler is the most attractive technology due to low fuel cost, compared to 
other fuels. Due to low variable heating costs of wood pellet boilers only 8 % of heat demand is 
reduced by heat savings.  
Fuel consumption decreases when less heat is produced in woodstoves in REF_EXT and 
BASE_EXT cases (Figure 6 to the right). Clearly heat savings also lead to decreased energy 
resource use. Due to higher fuel efficiency of 2030 technologies fuel consumption is lower in 
2030 in general. Generally, lower fuel consumption may be more desirable due to resulting lower 
global CO2 and local (SO2, NOx, PM2.5 etc.) emissions and lower fuel dependency of the national 
energy system. Due to decreased penetration of heat savings in INVEST, consumption of fuels 
(in this case wood pellets) is higher than in REINVEST case. On the other hand REINVEST 




Figure 6 Heat consumption covered by different technologies (left) and fuel consumption for heat generation 
in different scenarios and cases (right) 
 
A variant of INVEST scenario has been calculated with socioeconomic cost characteristics 
instead, i.e. technology and heat saving investments do not include VAT and fuel costs do not 
include taxes and levies, but instead the expected CO2 cost in 2030. The optimal solution of such 
optimisation includes 13 % of heat savings. As much as 80 % of heat is generated in electricity 
based technologies – air-water heat pumps (76 %) and electric heating (4 %). Natural gas boilers 
cover the rest - around 20 % of heat demand – in the areas currently supplied with natural gas.  
In 2030 scenarios fuel taxes and levies are assumed to follow the development of fuel prices, 
which results in high electricity prices when compared to wood pellet prices. The sensitivity 
analysis of INVEST scenarios has been made with taxes and levies only increasing with inflation. 
As a result the electricity price is 33 % lower but the wood pellet price is only 1 % lower. The 
optimal solution still favours wood pellet boilers. Due to lower electricity prices and higher 
variable share of investments, air-water heat pumps start to be economically viable compared to 
wood pellet boilers in newer buildings with lower heat demand, but this only contributes to 1 % 
of the total heat generation. Heat savings penetration does not change in this sensitivity analysis 
and reaches 8 % of the initial heat demand. 
Even though the private optimisation results show that the preferable technology is wood pellet 
boiler. However, it is not likely that all private consumers would shift to this technology in the 
real world situation. The described calculations do not include individual preferences of the 























































Wood pellet boilers require space for fuel storage and/or time and manual labour to load the 
pellets into the boilers. Air- water heat pumps require a suitable place for an outside unit, which 
might also bring some noise issues, depending on location and the technology. Geothermal heat 
pumps need a suitable lot space for ground heat exchangers and might not be possible for all the 
analysed single family houses. Therefore, a larger actual variation in the choice of new individual 
technologies is expected than indicated by the results of the optimisation.  
Figure 7 and Figure 8 analyse implementation of heat savings in more detail. Only scenarios with 
significant changes in heat saving investments are shown here. When considering individual 
heating technology mix of today, window replacement and insulation of floor and roof are most 
cost efficient both in 2011 and 2030 scenarios. From Figure 7 it can be seen that ventilation with 
heat recovery and insulation of walls become more cost efficient in 2030. When woodstove use 
related health costs are included in the REINVEST_EXT case secondary heat generation in 
combination with electric heating becomes more expensive and wall insulation becomes cost 
efficient for these consumers. Whereas inclusion of health costs in 2011 scenarios have no effect 
on the choice of heat saving measures. When consumers freely choose wood pellet boilers, the 
only economically viable heat saving measure is more efficient windows. It is also almost the 
only cost efficient measure for rented single family houses. Mechanical ventilation with heat 
recovery, floor and wall insulation are only implemented in owner-occupied dwellings. 
 
Figure 7Total implemented heat savings, % of initial heat demand (left); and Heat savings in owner occupied 
























































Figure 8 Heat savings in different consumer groups by existing heat generation technology – in 2011 and 2030 
scenarios, where consumers have no freedom to choose a technology, in % of heat demand in each group 
 
Heat savings are least economically viable when heat is generated in wood pellet boilers (Figure 
8). The largest share of heat savings is cost efficient for consumers with oil boilers and electric 
heating, both in 2011 and in 2030. Even though electric heating is more costly than oil, heat 
savings reduce a higher share of heat demand in houses with oil boilers in the optimal situation in 
2011. The reasons are: a higher share of buildings with electric heating has woodstove as 
secondary heating source, which reduces heating cost; and houses with oil boilers have a higher 
share heat saving potential, which means that more heat savings can be implemented at lower 
cost. Electricity prices increase considerably in 2030 and more expensive heat saving measures 
become cost efficient for consumers with electric heating, which leads to significant increase in 
heat savings. Included health costs do not contribute much to the savings volume except for 
buildings with electric heating (the highest share of which have woodstoves) and only for the 
high fuel price scenario REINVEST_EXT. 
Rebound effects 
The results of the optimisation have shown that cost efficient levels of heat savings for different 
scenarios and cases as well as for consumers using different heating technologies and having 
different ownership status vary from 8% to more than 40%. This section illustrates the rebound 
effect when the variable cost for covering demand for heat services is reduced due to 








































Figure 9 Rebound effect as percentage of heat demand after savings or as an increase in heat consumption 
after switch to another heat generation technology 
 
Figure 9 illustrates the importance of accounting for the rebound effect as heat savings or shift to 
cheaper heating technology reduce heating expenditures and may result in a rebound effect 
driving heat consumption up again. The three rebound cases illustrated are: 
1. REF-BASE: comparing heating expenditures in 2011 scenario without heat savings (REF) 
and with heat savings (BASE) 
2. REINVEST_REF-REINVEST: comparing heating expenditures in 2030 scenario without 
heat savings (REINVEST_REF) and with heat savings (REINVEST) 
3. REINVEST_REF-INVEST_REF: comparing heating expenditures in 2030 scenario with 
existing technology mix (REINVEST_REF) and when consumers freely choose heat 
generation technology – in this case wood pellet boilers (INVEST_REF) 
Two first cases represent the rebound of heat demand in percentage of the heat demand after 
initial savings have been implemented. The third case represents the possible increase in initial 
heat demand when heating costs decrease as a result of free choice of cheaper technology – wood 
pellet boiler. N_OW represent no wood stove and W represents dwellings with woodstove. The 
rebound is the least for the scenarios with low fuel prices (2011 scenarios) but varies depending 
on existing heating technology and heating costs per m2 as well as heat savings. Fuel costs are the 
highest for electric heating, however houses with oil boilers have higher heat saving potential and 
more savings are implemented here. As a result variable heating costs per m2 of heated area 
decrease most for consumers with oil heating (Table 6). Here the cost reduction results in the 
largest rebound (4.8 % in Figure 9) compared to dwellings with other technologies. Consumers 





















































In 2030 more heat savings are implemented and the rebound effect in Figure 9 is also higher for 
these scenarios. Electricity price increases significantly and considerable heat savings are 
implemented in buildings with electric heating, leading to the largest rebound effect (6.6 %) 
among all technology groups in this scenario. 
It seems that change in variable heating costs due to implemented heat savings is larger for 
consumers with woodstoves (with some exceptions) in the first two rebound cases in Table 6. 
This can be explained by a larger heat saving potential and thus implemented savings in 
dwellings with the secondary heating technology. 
Table 6 Change in variable heating costs per m2 of heated floor area in the analysed rebound cases 
  
Variable cost change, % 
REF-BASE REINVEST_REF-REINVEST REINVEST_REF-INVEST_REF 
N_OW Wood pellet boiler 0 11 0 
N_OW Electric heating 19 35 87 
N_OW Air-water heat pump 9 20 64 
N_OW 
Ground source heat 
pump 8 20 58 
N_OW Natural gas boiler 12 20 69 
N_OW Oil boiler 25 26 70 
W Wood pellet boiler 0 12 0 
W Electric heating 23 35 83 
W Air-water heat pump 10 22 56 
W 
Ground source heat 
pump 10 19 50 
W Natural gas boiler 15 22 62 
W Oil boiler 24 26 63 
 
Comparing the three rebound effect cases we find that largest saving of expenditures for heating 
are achieved when the consumers have a free technology choice, where all switch to wood pellet 
boilers. Depending on their previous technology, cost reductions are the largest for electric 
heating and these dwellings/households exhibit the largest rebound. The buildings with 
woodstoves have lower initial heating costs, which leads to smaller cost reduction and thereby 
less rebound effect. 
 
Figure 10 illustrates the difference between the rebound effects in houses built before and after 
1979, the year when more strict energy efficiency requirements were introduced in building 
codes in Denmark. As the result of lower heating costs, heat demand in the rebound case 
REINVEST_REF-INVEST, with no heat savings but replacement of technologies with the 
cheapest option, namely wood pellet boilers, increases slightly more in the newer buildings, than 
in older buildings. The reason is that newer buildings have a lower share of secondary heating 
before switching to wood pellet boilers than older buildings, which results in higher heating costs 





Figure 10 Rebound effect as percentage of heat demand after savings or as an increase in heat consumption 
after switch to another heat generation technology, by primary heating technology and building age 
 
 
Figure 11 Heat savings after rebound effect has been accounted for, % of initial heat demand, by primary 
heating technology and building age 
 
In Figure 11 the rebound is represented as the negative contribution to savings. Net savings 
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First of all the higher fuel prices in 2030 in the REINVEST case result in larger savings as 
already observed in Figure 7 and Figure 8. Both the heat savings and rebound effect vary 
depending on especially building age but also the heating technology. In 2011 (REF-BASE case) 
only new buildings that are equipped with electric heating implement heat savings, while older 
buildings with all types of heating utilise heat saving potential to a varying degree. In the 2030 
scenario both older and newer building groups implement heat savings. In Table 7 REINVEST 
case the share, by which heat savings are reduced due to the rebound effect (correspond to 
negative columns in Figure 11) is lower for older buildings. A larger share of heat demand is 
reduced by heat savings in these buildings and variable heating costs decrease more than in the 
newer buildings. Even though the rebound coefficient is higher for older buildings the calculated 
rebound takes point of departure at a lower heat consumption level and implemented heat savings 
are reduced less. 
Table 7 Rebound effect as a share of implemented heat savings 
Building group 
Rebound effect, % of heat savings 
REF-BASE REINVEST_REF-REINVEST 
Wood pellet boiler 
  
after 79 0.0 0.0 
before 79 0.0 16.9 
Electric heating 
after 79 16.8 16.0 
before 79 14.6 11.8 
Air-water heat pump 
after 79 0.0 16.8 
before 79 16.7 14.5 
Ground source heat 
pump 
after 79 0.0 16.8 
before 79 16.7 14.5 
Natural gas boiler 
after 79 0.0 16.8 
before 79 16.2 14.9 
Oil boiler 
after 79 0.0 16.9 
before 79 14.4 14.4 
 
The rebound effect is varying quite substantially between the categories of single family houses 
(Table 8).  















effect, % of 
heat savings 
Average 




rebound, % of 
heat demand 
after savings 
Rebound, % of heat 
demand after savings 
min Max 
REF-BASE 18.3 19.8 14.9 2.7 3.4 2.6 10.2 
REINVEST_REF-
REINVEST 23.8 25.7 14.3 3.4 4.5 2.6 13.8 
REINVEST_REF-
INVEST_REF - 68.9 - 12.6 - 10.0 17.4 
 
Heat consumption increases again by between almost 3 % and 14 % after heat savings have been 
implemented, the average for all building categories being 3.4% and 4.5 %, depending on the 
scenario. This is a result of the combination of fuel costs, heat saving potential and use of 
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secondary heating technology – woodstoves, but fuel cost is the dominating factor. Heat demand 
increases by almost 13 % on average when consumers are no longer locked in to today’s 
technology and can choose the cheapest, in our case – wood pellet boilers. 
Consumers with the least reduction in heat use are characterised by low economical savings and 
thus have lower rebound effects as a share of the reduced consumption. For the scenario with 
technology shift to wood pellet boilers consumers with previously high-cost heat generation 
technologies achieve higher cost reductions and their rebound can be expected to be higher, than 
consumers with a cheaper initial heat generation. The broader pattern is that the households, 
which live in buildings with poor energy efficiency and high heat saving potential, and also have 
high heat generation costs due to high fuel costs and low fuel efficiency of a technology, have 
more incentives to save energy and/or to shift to a cheaper technology. This then implies large 
variable heating cost reductions and therefore also a relatively large rebound. 
For total heat savings of 18.3% and 23.8% in the two savings scenarios only 2.7% and 3.4% are 
“lost” again as a consequence of the rebound. The rebound effect in total is thus found to be of 
less importance than the direct elasticity of demand would suggest and the conclusion is that 
rebound effects are far from evading the initially achieved heat savings.  
7 CONCLUSIONS  
The results of this study reveal important linkages between investment behaviour in energy 
savings and heat technology choice for the residential heating sector. A homeowner has control 
of both decisions and should furthermore include “externalities” that affect his own health in the 
optimisation. 
Optimal heat saving investments are affected considerably by existing heating technology 
resulting in much higher savings in houses with oil boilers (24%) compared to houses with wood 
pellet boilers that implement no savings at all (Figure 8). The average optimal savings are 18% in 
our BASE case with 2011 prices. When the flexibility to invest in new heating source is 
introduced for 2030 prices the optimal savings drops from 24% (REINVEST) to 8% (INVEST, 
Figure 7), because there is a complete shift to the cheapest technology – in this case wood pellet 
boilers. This indicates that incorporating technology flexibility/uncertainty will reduce the 
optimal level of heat saving investment. The results of our optimisation model of the Danish 
residential heating show the significance of deciding on heat saving investments and choosing 
heat generation technology simultaneously when a building undergoes general renovation. In this 
light, optimisation with existing technologies would lead to overinvestment in heat savings, from 
a private consumer point of view. Such optimal behaviour, including the options for technology 
switch, contributes to explaining the gap between identified optimal heat saving investments with 
existing heat technology and observed real world behaviour with a much lower level of 
investments. 
Including health costs due to woodstove use does influence the extent of using this secondary 
heating technology, which decreases 4 times in the 2011 case (Figure 6, left).  This reduces health 
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damage and also slightly reduces fuel consumption since primary heating technologies have 
higher efficiencies. Including externalities only have marginal effect on the extent of savings 
(+0.3%) and choice of primary heating technology. We can conclude that if private consumers 
include the damage to their own health in their optimisation they would use and install much less 
woodstoves, but would not change other heating decisions. 
The difference in behaviour between renters and owners is reflected in much less saving 
investments by renters than owners (in BASE case – 6% compared to 20% Figure 7), which 
results in higher (variable) costs for covering demand for heating services in the former consumer 
group. It is only interesting for renters to invest in more efficient windows, where equivalent long 
term optimisation by owners would also include roof and floor insulation. Barriers for renters 
(such as short payback time required) thus result in inefficient low levels of heat saving 
investments. 
Comparing to the total technical heat savings potential, included in the calculations (56 % of heat 
demand) our results indicate that almost half of this potential (nearly 25% of heat demand) would 
be privately optimal to implement up to 2030 based on the projected fuel price increase and 
unchanged composition of heating technologies. Taking into account the option of switching 
heating technology considerably lower levels of heat savings are optimal for private consumers. 
The rebound is important factor when discussing efficiency of heat saving measures or switching 
to less costly energy resource. For rebound effect the variable cost of supplying heating services 
has to change. In the calculated scenarios average variable heating costs are reduced from 20 to 
70% for all consumer groups (Table 8). We find that the rebound effect varies considerably 
between consumer groups, but the overall effect is found to be relatively small for scenarios with 
heat savings. With initial heat savings of around 20% the rebound increases consumption by 
approximately 3% again (Table 8). This is not enough to question the use of energy saving 
policies and incentives. On the other hand 3% of total energy demand for heating should still be 
considered in demand projections and when estimating effects of energy saving policy initiatives. 
Depending on consumer group and the analysed scenario the rebound reaches from around 2.5 to 
almost 18% of the heat demand after savings. The large rebound effect implies a considerable 
improvement in indoor thermal comfort and/or increase in hot water consumption for those 
consumer groups.  
Another very important result is the great difference between the results of socioeconomic 
optimisation and private optimisation of individual heating. The optimal mix of energy sources 
are quite different with the free investment choice (INVEST scenario case) resulting in 
consumers using mainly wood pellets as a result of private consumer optimisation, whereas 
socioeconomic optimisation favours heat pumps to a much larger extent. Such socioeconomic 
optimisation results are in line with the results of the general socioeconomic energy system 
analysis, which includes individual heating, such as optimisation of the future Danish heat and 
power sector (Karlsson et al., 2011 and Zvingilaite and Balyk, 2012). In these studies air-water 
individual heat pumps are included in an optimal solution for heating in buildings outside district 
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heating areas. Lund et al. (2010) and Mathiesen et al. (2011) in their analysis of the Danish 
energy system conclude that an individual heat pump is the recommended technology, in the 
areas without district heating supply. Thus our results show that existing fuel tax structures do not 
favour technologies, which are optimal in the future energy sector from the socioeconomic point 
of view. Historically, electricity and fossil fuel taxes are high for private consumers, while 
biomass use is not burdened by taxes, besides VAT. On the other hand, Denmark has an ambition 
of transforming the heating and power sector to rely solely on renewable energy resources by 
2035. When phasing out fossil fuel technologies and moving towards renewable energy supply, 
new public regulations and tax structures are important in order to ensure implementation of the 
socioeconomically optimal development in practice.  
The results are dependent on both the specifics of Danish heating sector and the projected price 
developments for fuels and technologies and must therefore be treated carefully when comparing 
to other countries or time horizons. 
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5. Documentation: Heat saving potentials, costs and modelling 
in a heat and power optimisation model 
This section describes calculation of heat saving potentials and costs of five heat saving 
measures in the existing buildings in Denmark, for the purpose of including heat savings 
investment possibility in the Danish heat and power optimisation model Balmorel. Inclusion 
of the savings in the model is also documented here. The documentation includes the final 
version of heat saving calculations and modelling, which is improved from Paper II and used 
in Paper III and to some extent in Paper IV. 
5.1 Calculation of heat demand in buildings 
In this subsection a simplified methodology for calculation of heat demand in buildings is 
described. The methodology is further used in calculations of heat saving potentials of 
different saving measures.  
In simplified calculations (Christensen, 2004), the annual heat demand in buildings consists of 
energy, needed to cover losses due to heat transfer through different elements of building 
envelope (, kWh), heat losses due to ventilation (, kWh) and energy, needed to 
prepare domestic hot water (	, kWh). A part of space heating demand (excl. hot water 
consumption) is covered by heat gains in a building – solar and internal heat gains (heat form 
persons and electric appliances). Thus, energy supply, required to cover heat losses and for 
heating domestic hot water preparation in a building annually (




 =  + +	 − − 
 
Heat transfer losses consist of heat transfer through building elements – walls, roofs, floors 
and windows (and doors) (Neraa and Karlsson, 1998). These losses through different building 
construction elements (kWh per year) can generally be calculated using the following 
equation: 
 
 =  
 ∙ 	 ∙ 






 ∙  ! ∙ 
  
 
m – is an acronym for months in heating season;  
elm – is an acronym for building element;  

 – heat transfer coefficient of a specific building element, which is a result of building 
material and insulation thickness (for windows it depends on the number of glass panes and 
the type of glass and frame), measured in W/K·m2element. The values, assumed for the existing 
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buildings in Denmark, are presented in Appendix C and based on Wittchen (2004) and 
Wittchen (2009); 
		 – building heated area (m2), data is based on the Danish Heat Atlas (Möller, 
2008), see Table 8; 

 - area relation between building element area and heated area 
/. For single 
family houses data for roofs and floors is based on the report by the Danish Technological 
Institute Olsen (2010), for windows it is based on Kragh (2009), and for walls – on Iversen 
(2012). For multi-storey houses and public and service buildings 
 is based on Neraa and 
Karlsson (1998). The assumed values can be found in Appendix D. 
  - indoor temperature (°C) – assumed to be 20 °C and constant during the whole heating 
season (Aggerholm and Grau, 2008). 

 - average monthly outdoor temperature (°C), based on the Danish normal year 
(Christensen, 2004), see Table 1. 

 - number of days in different months within heating season, see Table 1. Heating season is 
assumed to last from the 24th of September to 18th of May and amounts to 5664 hours (BYG 
DTU, 2004).  
 ! - coefficient for 24 hours in a day and converting from Wh to kWh.  ! = 0.024; 

  - correction factor for different outdoor or indoor temperatures for building elements. 
For heat transfer through floors – ' = 0.7, for other elements 
 =1 is used (Tomerup 
and Laustsen, 2008). 
Table 1 Average monthly outdoor temperature and number of days in heating season in Denmark 
Month in a heating season Number of days Outdoor temperature, )*+,), °C 
January 31 -0.5 
February 28 1.0 
March 31 1.7 
April 30 5.6 
May 18 11.3 
September 6 12.5 
October 31 9.1 
November 30 4.8 
December 31 1.5 
 
Yearly heat loses (kWh) due to ventilation are calculated by the following equation 
(Christensen, 2004): 
 
 =-1 − /0 ∙ 1 ∙ 2 ∙ 3 ∙  − 
 ∙ 
 ∙  !











/ – efficiency of heat recovery air heat exchanger. If heat recovery heat exchanger is not used 
or in case of only exhaust ventilation, / = 0;  
1 – air density = 1.205 kg/m3; 
2 – heat capacity of indoor air = 1.005 kJ/kg·K; 
3 – air flow, m3/s; 
5 – air exchange rate, h-1; For ventilation losses, air exchange in single family houses is based 
on Kragh and Wittchen (2010) (see Table 2) and conclusions from Bergsøe (1994) that air 
exchange in most existing  dwellings is lower than 0.5 h-1. For multi-family houses air 
exchange rate of 0.5 h-1 has been assumed.  
 – room height, m; assumed average height of 2.5 m. 
Table 2 Air exchange rate (h-1) in the Danish dwellings, built in different time periods 
Construction 
Year 




<1930 0.45 0.45 0.45 0.5 
1930-1950 0.45 0.45 0.45 0.5 
1951-1960 0.45 0.45 0.45 0.5 
1961-1972 0.40 0.40 0.40 0.5 
1973-1978 0.40 0.40 0.40 0.5 
1979-1998 0.35 0.35 0.35 0.5 
>1998 0.35 0.35 0.35 0.5 
 
Solar heat gains are result of solar radiation through windows. In this study a monthly 
insolation is calculated as average for windows at different directions (North, South, East and 
West etc.) since calculations do not consider orientation of different buildings and windows. 
Furthermore, solar heat gains through roof and walls have been disregarded in the 
calculations. Thus, solar heat gains have been calculated as follows: 
 
 = 6 ∙ 6 ∙ 67 ∙  8









6 – is the factor accounting for different obstacles, shading for insolation through a window, 
6=0.75 has been used (Wittchen and Aggerholm, 2000); 
6 – is the factor, which takes into consideration how large share of a window area glass pane 
amounts to, 6=0.65 is assumed here (Wittchen and Aggerholm, 2000); 
67 – the coefficient accounting for the actual solar transmittance of a window, relevant to the 
reference pane, 67=1 is assumed for buildings, built before 1979 and 67=0.8 has been used for 




 – is the average monthly insolation effect (W/m2 window area), average for all 
orientations, see Table 3, based on Neraa and Karlsson (1998); 
/
 - utilisation factor of solar heat gains. The factor depends on thermal capacity of buildings 
(different for lightweight and heavy constructions), building size and heat losses, as well as 
the ratio between heat gains and heat losses (Wittchen and Aggerholm, 2000). The utilisation 
factor is largest in cold months of a heating season and lower in late spring and early fall. The 
values used are based on Christensen (2004) and Wittchen and Aggerholm (2000) and 
presented in Table 3. The same coefficient is also used for utilisation of internal heat gains. 
Table 3 Solar insolation and reduction/utilisation factors 
Month in a 
heating season 
9*1, W/m2 of 
window area 
:*, < 1979 :*, >1979 ;< ∙ ;= ∙ ;>, 
< 1979 
;< ∙ ;= ∙ ;>, 
> 1979 
January 16.3 1 0.98 
0.49 0.39 
February 29.0 1 0.98 
March 49.7 1 0.98 
April 69.4 1 0.98 
May 85.0 0.95 0.85 
September 60.6 0.95 0.85 
October 35.6 1 0.98 
November 18.6 1 0.98 
December 13.4 1 0.98 
1average monthly insolation, based on Neraa and Karlsson (1998) 
Internal heat gains include heat from people and electric appliances during heating season. A 
5W/m2heated area internal heat gains (8
) have been assumed (Aggerholm and Grau, 2008 
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Since solar and internal heat gains cover a part of losses due to heat transfer and ventilation, a 
share (S) of heat losses, that is covered by additional energy supply to a building can be 
calculated as follows: 
 
? =  +  −  −  +  =

 − 	
 +   
 
This coefficient is applied, when calculating the effect of implemented heat saving measures 
on reduction of heat demand in a building. 
Solar and internal heat gains as well as heat demand for preparation of domestic hot water is 
only used for calculations of coefficient S. Heat demand in the existing buildings is based on 
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(Rambøll, 2008b). The most reliable data have been found for single family houses, thus for 
other types of buildings, the same S coefficient has been assumed. 
S coefficient for different age of buildings, included in the analysis, has been calculated as an 
average of the values, calculated for single family houses (Table 4). 
 Table 4 Average values of S coefficient by building age 









Thus, the general trend seems to be that the better insulated are buildings, the less benefit can 
be achieved by implementing heat saving measures. 
5.2 Calculation of heat savings  
Heat savings in buildings can be achieved by insulating walls, floors and roofs, replacing old 
windows with more energy efficient windows, installing mechanical ventilation with heat 
recovery, as well as insulating heating and hot water pipes and other engineering installations 
etc. 
Estimation of heat saving potentials here includes reducing heat losses from buildings by 
insulating roofs, walls and floors, replacing windows with more efficient ones and installing 
mechanical ventilation system with heat recovery. 
 Building envelope 
A considerable share of heat consumption can be reduced by improving energy efficiency of 
different elements of building envelope – insulating walls, roofs and floors and replacing 
existing windows with new, more efficient ones. 
When improving energy efficiency of different building elements, different energy efficiency 
standards can be achieved (Table 5). In this study, for walls and roofs three energy renovation 
standards (here called levels) have been calculated – with different additional insulation 
thicknesses and u values. For windows, two heat saving levels have been included. The 
regular replacement of old windows (LEVEL 1) results in heat savings, because standard 
windows, which are on the market today are more energy efficient than in the old ones, which 
are being replaced. Additional heat savings can be achieved by choosing even more energy 
efficient windows (LEVEL 2).  
Insulation thickness and the resulting thermal heat transfer coefficients of the refurbished 






Table 5 Insulation thickness and energy performance of heat saving measures 
Building element Heat saving level Insulation after U-value after 




LEVEL 1 200 0.17 
LEVEL 2 300 0.12 
LEVEL 3 400 0.09 
Floora LEVEL 1 100/150b 0.30/0.20b 
Roof 
LEVEL 1 200 0.19 
LEVEL 2 300 0.13 
LEVEL 3 400 0.10 
Window LEVEL 1 - 1.5 
LEVEL 2  1.0 
aonly floors in buildings with cellar are included (Wittchen, 2004) 
bdepends on existing insulation  
 
In general two ways/cases of improving existing windows can be distinguished: 
– by  renovating an existing window frames and replacing the glazing (glass panes) with 
more energy efficient ones, or by adding a secondary glazing 
– by replacing the whole window. 
The decision, whether to replace windows or renovate, depends on the state of the frames. In 
both cases there is a possibility to choose a standard double glazed low energy window, which 
is standard today, and with u=1.5 W/Km2 is considerably more energy efficient than old 
windows (Tommerup, 2010). Alternatively, more energy efficient and more expensive 
windows – so-called plus energy windows – can be chosen, which have u=0.8 W/Km2.  
However such windows transmit less solar radiation into a building (Tommerup, 2010), 
therefore, in order to somewhat account for this loss, the u value has been increased to 1.0 
W/m2K .  
Due to extensive work needed to insulate floors, it has been assumed that only floors in 
buildings with cellar are insulated with 100 mm of additional insulation.  
The reduction of heat transfer losses through building envelope (?@.
) has been 
calculated as the difference between heat losses through the particular building element before 
and after insulation.  
 
?@.
 =-A' − '0 ∙  ∙ 





 ∙  ! ∙ BCD  
 
However, as it has been mentioned above, not all heat losses are covered by heat supply – a 
share of the losses are covered by solar and internal heat gains from people and electric 
appliances.  In order to calculate the effect of the implemented heat saving measures on final 
heat demand, needed to be covered by heat supply, the calculated reduction in heat transfer 





 ∙ ? 
Ventilation with heat recovery 
Heat savings by installing mechanical ventilation with heat recovery have been calculated for 
single family and multi-storey dwellings.  
Ventilation in existing dwellings has been assumed to be either natural or mechanical exhaust 
ventilation without mechanical air supply, hence without possibility for heat recovery. 
Therefore, efficiency of heat recovery in exisitng builings is η=0.  The heat saving measure 
here is a new installed balanced (with air exhaust and supply) mechanical ventilation system 
with heat recovery, which is dimensioned to comply with required minimum air exchange rate 
of 0.5 h-1 in all dwellings (Aggerholm and Grau, 2008). The efficiency of heat recovery is 
η=0.90 and is based on Tommerup (2010). As a result of increased air exchange rate in single 
family houses (Table 2) heat savings decrease.  
The achieved ventilation-related heat loss reduction is then calculated as a difference between 
ventilation heat losses before (	EFG) and after installation of a new system with heat 
recovery	EFG.HG. 
 
?@	 = 	EFG − 	EFG.HG 
 
The final heat savings (?@) are then calculated as for building envelope improvements, 
accounting for solar and internal heat gains: 
 
?@ = ?@	 ∙ ? 
 
The installed mechanical ventilation with heat recovery decreases heat consumption, but at 
the same time increases electricity consumption for operation of fans. The annual electricity 
consumption (kWh/m2) has been calculated as follows: 
 
I = ?IJ ∙ 3 ∙  ∙ 10KL 
 
?IJ – electricity consumption for air transport in the ventilation system, ?IJ = 600 kJ/m3 
(Tommerup, 2010); 
3 – air flow (corresponding to 2.5 m room height and 0.5 h-1 air exchange rate) = 0.35 l/s/m2; 
 – yearly operation hours, h; it has been assumed that the system operates the whole year, t= 
8760h; 
I = 1.84	kWh/m 	 
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Such electricity consumption can be considered low – high energy efficiency has been 
assumed for new ventilation systems (Tommerup, 2010).  
5.3 Heat saving costs  
If heat savings are implemented when buildings are being renovated anyway, then the saving 
costs would include only additional costs of heat saving measures, such as price of additional 
insulation. These costs are here referred to as marginal costs. Full costs should be considered, 
if renovation takes place solely with the goal of achieving heat savings. The costs of saving 
measures are presented in Table 6 and are based on Kragh and Wittchen (2010) and 
Tommerup (2010).  
Table 6 Costs of heat saving measures 









Wall 201.3+0.94·db 26.8+0.94·db 40 
Floor 47.0 47.0 40 
Roof 13.4+0.13·db 6.7+0.13·db 40 
Window










40.3 40.3 30 
acosts reflect (additional) investments in plus energy windows (LEVEL2) 
badditional insulation thickness, mm 
 
Lifetime of the different saving measures is based on the recommendations of the Danish 
Energy Agency for heat saving calculations in Energy Labelling reports (Tomerup and 
Laustsen, 2008) and Tommerup (2010). Longer lifetimes for elements of building envelopes 
(especially for walls, roofs and floors) can also be found in the literature (Rambøll, 2008a). 
Using longer lifetime would lead to lower annualised investment costs of heat saving 
measures. 
Additional insulation thickness, needed, in order to achieve certain energy efficiency standard 
(Table 5) for roofs, walls and floors has been calculated as a difference between the estimated 
existing insulation thickness and the insulation, which corresponds to the desired value of a 
heat transfer coefficient u. Only values of heat transfer coefficients u of the four elements of 
building envelope are known for different existing building types. Therefore corresponding 
existing insulation thickness for walls, roofs and floors has been estimated from the data, 
collected through literature review (BYG DTU, 2004, BYG DTU, 2008, Tommerup, 2010 
and Rambøll, 2008a) and presented in Figure 1, Figure 2, Table 7 and Appendix E. Clearly, 
different building construction materials have different heat transfer coefficients and the 





Figure 1 Walls – insulation thickness and heat transfer coefficient u 
 
 
Figure 2 Roofs – insulation thickness and heat transfer coefficient u 
 
For floors, assumptions made regarding insulation thickness and u values are shown in Table 
7. It has been assumed that only floors with  ≥ 0.5 have been insulated with additional 100 
mm. 
Table 7 Roofs – insulation thickness and heat transfer coefficient u 








Costs for floor insulation and for mechanical ventilation system with heat recovery include 




































not only saves energy but also improves indoor climate. Therefore a part of the ventilation 
costs could be allocated to better comfort. However, this depends on personal preferences and 
varies for different consumers. In addition to investment costs, the mechanical ventilation 
system includes annual operation and maintenance expenditures, for replacement of filters, of 
0.26 EUR/m2 of heated floor area.  
Only marginal costs have been considered, when heat saving measures are included in energy 
system optimisation model, since most of saving investments are expected to be carried out 
during the usual maintenance/renovation of buildings.  
5.4 Heat saving potentials 
Heat savings potentials have been calculated for different residential and public/commercial 
buildings (Table 8). The total area of different building types is based on 2006 data from the 
Danish building register (BBR) and has been extracted from the Danish Heat Atlas (Möller, 
2008). Consequently, heat savings potential is calculated only for buildings built before 2006.  
Table 8 Building types and heated areas (m2), included in heat saving calculations 
BBR code Building type 
 Included in 
calculations Heated area, m
2
 
110 Farmhouses √ 17762186 
120 Detached house √ 132081451 
130 Non-detached house √ 29165921 
140 Multi-storey buildings √ 72313475 
150 Dormitory √ 1296608 
160 Residential institution √ 3602924 
190 Other type of dwelling √ 852974 
210 Agricultural industry   14740522 
220 Factory, workshop etc.   41940929 
230 Utility building   1952581 
290 Other industrial building   821676 
310 Transport building (e.g. garage)   2715362 
320 Office/public building √ 46709255 
330 Hotel and service √ 5087656 
390 Other service 
 
647992 
410 Library, church, museum etc. √ 3862271 
420 Education, research √ 18551796 
430 Hospital √ 3548900 
440 Day-care institution √ 2879285 
490 Other institution √ 2674328 
510 Holliday cottage   14044983 
520 Youth hostel etc.   618341 
530 Swimming pool, sports centre   4600513 
540 Garden house   177699 




Not all types of buildings have been included in the calculations – industrial/production 
buildings and summer/holiday residences have been excluded (Table 8). This has been done 
due to the lacking clarity of indoor temperatures of industrial buildings and the time of use for 
holiday residences.  
Buildings, for which heat saving potential has been calculated account for around 80 % of 
total building heated area in Denmark (based on building data from 2006). Heat demand of 
these buildings reaches 89 % of the heat demand in all buildings. From Figure 3 and Table 8 
it can be seen that the largest building groups, which also consume the largest share of energy 
for heating, such as single family houses, multi-storey buildings and public buildings have 
been included in the heat saving calculations. 
 
Figure 3 Share of total heated area and share of total heat demand of different building types in Denmark 
 
Buildings, where implementation of heat saving measures is not possible due to architectural 
features or due to cultural heritage have not been excluded from the total building mass, 
considered for heat savings. Such buildings seem to account for only less than 1 % of the 
buildings mass in Denmark (Kragh and Witthcen, 2010) and therefore would not have a 
notable impact on the overall heat savings potential. 
The values of existing heat transfer coefficients u are only known for dwellings and 
office/public buildings. Therefore the same u values have been applied for multi-storey 
houses, dormitories, residential institutions and other type of dwellings. Buildings, other than 
dwellings are assumed to have the same u values as office/public buildings. Clearly, these 
assumptions introduce a certain inaccuracy into valuation of heat savings potential. On the 
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other hand they are not likely to have a large impact since the buildings with no own data only 
comprise a small share (~12 %) of the total building area included. 
The resulting total heat savings potential of the analysed heat saving measures is 25.15 TWh 
(Figure 4) and accounts for 46.5 % of heat demand in existing buildings, calculated based on 
data from the Danish Heat Atlas (Möller, 2008).  
 
Figure 4 Calculated heat savings potential by heat saving measure 
 
The largest technical heat savings potential lies within insulation of walls and replacement of 
windows (Figure 4 and Figure 5). Walls have a large surface area through which heat losses 
can take place. Furthermore walls in the existing buildings seem to have relatively poor 
energy performance. At the same time, the cost for additional wall insulation is rather high 
(Figure 5), which might be one of the reasons for their poor energy efficiency – additional 
insulation has not been cost-effective. The existing windows seem to be dominated by high 
heat transfer coefficients, especially in the older buildings. Therefore, heat savings potential is 
significant – even if they are replaced with standards windows, currently on the market (in 
this case 70 % of heat savings in Figure 4 can be achieved). A balanced mechanical 
ventilation system with efficient heat recovery can potentially bring significant heat savings 
as well. Even though only ventilation related heat savings in dwellings are included in Figure 
4. The saving potential in public and commercial buildings would depend on current 
ventilation systems and their efficiency and has not been included in the calculations. Roofs 
have in general better energy performance, costs of additional insulation are lower than for 
walls, and heat saving potential, related to renovation of roofs is lower, than for walls and 
windows. Insulation of floors does not contribute to large overall savings sine only buildings 

















Figure 5 Marginal annualised costs of different heat saving measures and cumulative heat savings 
potential 
 
The annualised marginal heat saving investment costs have been calculated (using 3 % 
discount rate) and heat savings cost curves have been plotted in Figure 5. The costs of 
different heat saving measures increase rapidly with increasing cumulative heat saving 
potential.  Such increase is, among others, a result of lower heat savings that can be achieved 
in newer buildings with lower initial heat losses (lower u values). Heat loss reductions due to 
improved u values or heat recovery in ventilation system have smaller effect on final heat 
demand in newer buildings, due to larger share of heat losses covered by solar and internal 
heat gains (expressed by the coefficient S).  
Thickness of additional insulation, and investment costs, increase, when heat transfer 
coefficient u, and thus heat losses through walls and roofs, decrease (see e.g. Figure 1 and 
Figure 2). However, change in heat losses is smaller, that increase in investment costs. From 
Figure 5 it is evident that the higher energy efficiency standard (LEVEL) is achieved (Table 5), 
the higher is cost of saved energy (EUR/kWh). At the same time, it is limited how much the 








































Figure 6 Additional heat savings achieved, when raising energy efficiency standard 
 
5.5 Modelling heat savings in the heat and power optimisation model – Balmorel 
The identified heat savings potential is included in the optimisation model of the Danish heat 
and power – Balmorel (Ravn, 2010). In the model heat savings are included as a negative 
contribution to heat demand in the heat balance equation. The balance equation ensures that 
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The indices mean: 
t – hour in a year; 
a – heating area in the model (a specific district heating area or an individual heating area); 
g – heat generation technology; 
p – building type by purpose (Table 8) and age(Table 2); 
level – energy efficiency standard of a heat saving measure (Table 5); 
elm – heat saving measure – element of the building envelope or ventilation with heat 
recovery; 
The variables are: 
@T,,7 – heat generation in every technology (including unloading of heat storage) in each 




















@?UV, – loading of heat storage tank in each heating area and in every hour of a year, 
MW; 
@?[,Z,,
 – heated floor area, which corresponds to the area of different types of 
buildings (p), with implemented particular heat saving measure (elm) and efficiency 
improvement level (level), m2; 
Parameters, which are given exogenously: 
W_U, – heat demand in each heating area and in every hour of a year, MW. Heat demand is 
based on the current energy efficiency of existing buildings without heat savings (Rambøll, 
2008b); 
??@_UZ,,
, – hourly distributed specific heat savings potential, when implementing 
different heat saving measures in different buildings, kW/m2 heated floor area; 
W\?JV?? – heat supply losses in each heating area, % of produced heat;  
The implementation of heat savings reduces heat demand hour by hour during the heating 
season, which is assumed to last from 24th September until 18th of May (BYG-DTU, 2004). 
The demand during summer period is not affected by heat savings as only heat for domestic 
hot water preparation is needed during these months. The hourly profile of heat savings 
corresponds to the hourly profile of heat demand for space heating (i.e. excluding hot water 
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?@Z,,
 - the yearly heat savings potential of different saving measures in different 
building types, kWh/m2; 
?@_@[  - the coefficient for hourly profile of the yearly heat savings (Figure 7).  
 












As a result of implemented heat savings, the hourly profile of heat demand and the duration 
curve becomes more smooth. 
Implementation of heat savings in the model is constrained by a share of the total area of 
different buildings that undergo a larger renovation yearly (or cumulative over several 
years)[I]Z, and a share of buildings, for which a particular heat saving measure can be 
implemented, ?IJ^Z,
 (e.g. only floors in buildings with cellar can be insulated). Hence, 
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Installed mechanical balanced ventilation system consumes electricity for operation of fans. 
Electricity consumption is added endogenously in the model in electricity balance equation, 
when ventilation with heat recovery is implemented. The electricity balance equation in the 
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@IT,,7 – electricity generation in every technology in each region in the model and in every 
hour of a year, MW; 
@IUV,,7 – electricity consumption in heat pumps and electric boilers in each region in the 
model and in every hour of a year, MW; 
WI_U, – electricity demand in each region in the model and in every hour of a year, MW; 
?IJ_U
,– hourly electricity consumption by heat saving measure, kW/m2 of heated floor 
area. Only ventilation-related heat saving measure induces electricity consumption, which is 
assumed to be constant for all hours of a year – 0.00021 kW/m2; 
W\?JV??I – electricity distribution losses in each region in the model, % of produced 
electricity;  
The total cost of implemented heat saving measures (?aV?U) is included in the objective 
function in the model, which minimises total yearly heat and power generation (and heat 
saving) costs. The total yearly heat saving cost consists of annualised investment costs and 
yearly operation and maintenance cost, and is calculated as follows: 
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 −	are the costs of heat saving measures, which can be invested in different 
building types, EUR/m2 heated area; 
]





-1 − -1 + W[0Kbcdef0 
 
W[ - is a discount rate, used in calculations of annualised heat saving investment costs. A 3 % 
socioeconomic discount rate has been used here; 
JU
 - lifetime of different heat saving measures, years (Table 6);  
?V ^
 −	operation and  maintenance costs of heat saving measures, EUR/m2 heated area 
per year. Only ventilation system with heat recovery has non-zero yearly maintenance cost for 
replacing filters. 
Inclusion of heat savings in the optimisation model Balmorel enables to compare heat savings 
and heat generation technologies in the context of the total heat and power system. In the 
model heat savings costs are compared with heat generation costs in different (district) 
heating areas. Different heat generation technologies can be marginal at different times in, for 
example, a district heating area. Implemented heat savings reduce marginal heat technology 
production and can, depending on the technology, have different effects on the overall heat 
and power system.  
5.6 Summary 
The heat saving potentials and costs of insulating walls, roofs, floors, replacing windows, and 
installing mechanical balanced ventilation with heat recovery have been identified for 
different Danish building types – mainly dwellings and public and service buildings. The 
analysed heat savings measures reduce net heat demand, which has to be supplied to a 
building in order to maintain certain indoor temperature (indoor comfort). The total heat 
savings potential of 25.15 TWh has been identified, which corresponds to around 46.5 % of 
the total heat consumption in the existing buildings in Denmark.  
Only marginal costs, directly related to energy efficiency improvements, and not full 
renovation costs have been calculated here. The assumption is that heat savings are 
implemented together with building renovation works. It is reasonable to expect that all heat 
savings can be implemented before 2050, as all existing buildings will undergo a larger 
renovation until this year. The annualised costs per kWh of heat saved span from 0.05 to 1.6 
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EUR/kWh for different saving measures in different buildings and are presented in the 
marginal cost curves. When replacing windows with standard ones, available on the market 
today, considerable heat savings can be achieved. Such improvement has been assumed to 
have a marginal heat saving cost of zero, as it is assumed that windows will have to be 
replaced anyway. Additional savings can be achieved if more efficient windows are chosen. 
The calculations are based on data from different Danish studies on heat savings in buildings 
during the last 10 years. Thus, data used is specific for Denmark, both with regards to current 
energy efficiency of buildings and energy refurbishment costs. A number of assumptions had 
to be made regarding similarity of energy performance of different building types, building 
geometry etc. Hence the data and results do include some degree of uncertainty and 
inaccuracy.  
Heat savings options are included in the heat and power optimisation model Balmorel. In the 
model heat saving measures are compared with heat generation technologies endogenously. 




This PhD thesis has addressed two important aspects of energy system analysis and planning – 
energy-related air pollution impacts on human health and energy saving potentials. These two 
elements are not often considered as an integrated part of energy modelling. Therefore, the PhD 
work has focused on how these two important aspects of an optimal energy system could be 
modelled. Health related externalities and heat savings have been included into a Danish heat and 
power optimisation model, and a simple model for investment decision making by private heat 
consumers has been developed.   
The following main conclusions can be drawn from the performed studies: 
• Socio-economic heat and power system optimisation has shown that localisation of 
polluting heat and power generation is an important parameter for optimising an energy 
system, when human health-related externalities of energy production are internalised. 
Furthermore, geographical location is also an important factor when including heat saving 
potentials in a heat and power optimisation model, and for cost-effectiveness of heat 
saving measures in the model.  
Results of Paper I show that, when benefits of air pollution reduction vary geographically, 
internalisation of a uniform external cost for all energy generation plants, regardless their 
location, would lead to less optimal heat and power generation system and higher total ex-
post external health costs. This suggests that, theoretically, environmental regulations, 
which aim to reduce local/regional air pollution externalities, should be differentiated 
spatially – e.g. pollution taxes should vary, depending on location of energy plants. 
However, practically, such regulation might be complicated to implement due to 
complexity of relations between air pollution and health costs and might require further 
extensive research. 
As to heat savings, Paper II and Paper III indicate that potentials and penetration of heat 
savings vary in different district heating areas in the Danish heat and power optimisation 
model. Buildings of different types and age are distributed throughout the country and 
between different (district) heating areas and result in a spatial variation in cost-effective 
levels of heat savings. This leads to the next conclusion. 
• Cost-effectiveness of heat saving measures depends on the replaced energy generation. 
This relation is shown and discussed in Paper II, Paper III and Paper IV. When heat 
savings options are included in heat and power optimisation model Balmorel in papers II 
and III, conclusion is that heat savings are more economically viable in buildings, where 
individual technologies are used for heating, than where district heating is supplied. For 
district heating areas, cost-effectiveness of heat saving measures depends on the marginal 
heat generation technology in an area. Paper II discusses effects of heat savings when heat 
generation in combined heat and power plants is reduced. Here economic viability of 
savings depends also on alternative electricity generation. Thus, if marginal heat 
177 
 
generation technology produces only heat, heat savings are implemented if their costs are 
lower than heat production costs. However, when marginal heat production comes from a 
cogeneration plant, heat savings are carried out if the resulting total system cost – with 
reduced heat generation and electricity production in an alternative technology – is lower 
than the reference case. Due to time-varying heat load, different technologies can be 
marginal in a district heating system throughout a year. Such trade-offs are implicitly 
accounted for in the heat and power system optimisation model Balmorel, used in this 
thesis.  
• When analysing cost-effectiveness of heat savings it is important, whether the savings are 
compared with, a current (heat) generation situation, or with optimised energy production. 
When generation capacity is available, heat savings costs are compared to short-term heat 
production costs, while if new capacity has to be installed heat costs include long-term 
production costs. Paper II shows, that, when district heat is produced in an existing CHP 
plant with low costs, heat savings are not cost-effective. On the other hand, if heat 
generation in the technology at hand is costly and cannot be replaced, more heat savings 
would be implemented. At the same time, if flexibility to invest into cheapest technology 
(and replace the existing one) is included in the model, less heat savings are implemented 
in the optimal solution. The results of Paper IV show that more heat savings are profitable 
for private consumers today, with existing individual heating technologies and when only 
fuel costs are included, than in the optimal situation, when investments are made into 
least-cost heat generation technology. This can also partially explain why heat savings 
have only limited effect on reduction of global and local externalities – in the optimised 
future heat and power system in Paper II.  
6.1 Research goals 
The research goals, raised at the beginning of this thesis report, have been implemented with the 
following findings and contributions: 
a) To clarify the relations between energy consumption and production and human health 
damage-related externalities of air pollution for a more comprehensive internalisation 
of externalities in energy system models. 
With respect to this research question, the PhD study has contributed by collecting and discussing 
different factors, which have an effect on health-related externalities of energy generation and 
their internalisation in energy system models. A more comprehensive representation of health 
external costs in the models has been discussed and proposed, by internalising human health 
externalities in the Danish heat and power system analyses in Paper I. Here localisation factor has 
been included, which is not accounted for in the majority of the energy system studies. 
The link between energy demand and health-related externalities is energy production for 
covering the demand. According to the literature study, performed in Paper I and Section 2 in the 
thesis report, air pollution-related health externalities of energy production depend on: 
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• the choice of fuels and technologies, which cause release of air pollutants;  
• transportation and chemical transformation of the pollutants in the atmosphere, which 
depends on height of pollutant release, weather conditions and other air pollution sources, 
and which causes increased air pollution concentrations;  
• location of energy generation technologies, with respect to other pollution sources, wind 
directions and densely populated areas, which leads to different population exposure and 
external health costs.  
In the PhD study these factors have been accounted for when internalising health related 
externalities in the heat and power system model Balmorel in Papers I, II and III. Emission 
factors have been included separately for different technologies, in order to account for their 
different environmental characteristics. The impacts of population density and weather conditions 
are reflected by enabling different externality cost, depending on an area, where an energy plant 
is operating. Finally, different health costs have been added for individual heat generation 
technologies to account for differences in conditions, for pollutant transportation (dispersion and 
dilution) when pollutants are released at lower altitudes, and also to reflect that pollution mostly 
takes place in populated areas.   
Furthermore, Paper IV discusses air pollution from wood burning stoves. Such fuel combustion 
causes considerable emissions of fine particles (PM2.5), when compared with other energy 
technologies. Air pollution is caused not only outdoors, but also indoors. Due to low chimney 
heights particles are poorly dispersed. Hence, consumers can be affected by their own pollution. 
In the paper, health externalities of woodstove use are internalised in private consumer 
optimisation.  
b) To contribute to the development of a heat and power optimisation model by including 
option for investments into heat saving measures; and to assess cost-effectiveness of 
heat savings and their contribution to the  reduction of human health-related external 
costs of energy consumption and production. 
This research goal is implemented in Paper II and III. The PhD study has contributed by 
expanding the Danish heat and power model Balmorel to include possibility to invest in a number 
of heat saving measures in different existing buildings by type and age. Assessment of heat 
savings cost-effectiveness has been improved by enabling analysis of different heat saving 
measures in the context of overall heat and power system optimisation.  
Heat saving potentials of five main heat saving measures – insulation of walls, roofs and floors, 
energy efficient windows and mechanical ventilation system with heat recovery – are included in 
the model. The largest heat savings can be achieved by insulating walls and replacing windows 
(Paper III and Section 5). Heat savings costs have been estimated assuming that saving measures 
will be implemented together with usual building renovations. Therefore yearly heat savings 
potential is in the model limited by annual building renovation rate. Significant heat savings can 
be achieved by replacing existing (old) windows with standard windows on the market today. 
Such measure has been estimated to have zero energy saving cost – it has been assumed that 
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windows will be replaced anyway, when buildings are renovated. Insulation of walls has the 
highest heat saving costs.  
Furthermore, costs and heat saving potentials have been estimated for different levels of heat 
savings, when saving measures reach different energy efficiency standards. The higher is energy 
efficiency, achieved by a saving measure, the higher is heat saving cost per reduced energy 
demand unit. At the same time the total heat saving potential does not increase significantly 
(Section 5). 
Marginal heat saving cost curves have been drawn for all saving measures (Paper II), and for 
each measure separately (Paper III, Paper IV and Section 5). The curves are not continuous, but 
have steps, which depend on the heat saving potentials at different cost levels. In Balmorel model 
with heat savings extension the decision to invest in heat savings depends on costs of different 
saving measures and also on the overall savings potential, which can be achieved by a particular 
measure. Different buildings and thus heat saving measures are distributed between different 
(district) heating areas in the model. Each heating area is characterised by the total heat saving 
potential and heat saving cost curve. Heat savings replace heat generation in different areas. 
Consequently implementation of heat savings differs between the areas in the optimal solution in 
the model and does not follow the least cost hierarchy in the overall marginal heat savings cost 
curve.  
Results in Paper III show that it is more cost-effective to implement a number of different heat 
saving measures, by achieving the lowest energy efficiency standard, than to invest in extensive 
efficiency improvements of one or few measures. Besides replacement of windows, the most 
cost-efficient heat saving measure is insulation of roofs. Furthermore, marginal and full costs for 
implementing this measure do not differ significantly. Therefore, roof insulation might be cost-
effective also when implemented outside usual building renovation. Heat savings by insulating 
walls and installing mechanical ventilation system with heat recovery are more cost-efficient in 
the areas with individual heating technologies (Paper III). Here higher penetration of heat savings 
is achieved (Papers II and III). Paper II concludes that implemented heat savings lead only to a 
small reduction in health-related externalities of the future optimised Danish heat and power 
system. 
c) To analyse preconditions for consumer choice of heat savings and individual heating 
technologies in buildings with no district heating supply. 
With respect to this research goal the PhD thesis contributes by developing a simple optimisation 
model of investment decisions by private heat consumers – single family dwellings, which are 
not connected to a district heating system. The model and the analysis include a number of 
factors, such as investments in heating technologies and heat savings, building ownership, 
secondary heating, air pollution and damage to human health as well as rebound effect.  
The results of the heat and power system optimisation from the socio-economic perspective in 
Papers II and III show that more heat savings are cost-efficient in areas with individual heating 
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technologies. Therefore, Paper IV expands the research by more detailed analysis of investment 
decisions by these consumers from house owner’s perspective. The developed model and the 
paper includes analysis of decisions to invest in heat saving measures in different situations – 
with current residential heating technologies, fuel prices and taxes and when consumers are re-
investing in the same technologies or have a possibility to choose another technology in the 
future. In this way profitability of heat savings is compared with both, short-term and different 
long-term costs. The results show, that heat savings are in general more profitable with current 
mix of residential heating technologies than if in the future all consumers shift to the least cost 
technology – wood pellet boiler. Penetration of heat savings depends not only on the primary 
heating technology, but also on the secondary heating possibility. For instance, although electric 
heating has highest cost, extensive use of woodstoves for secondary heating reduces heating costs 
and profitability of heat savings. Thus, the PhD study contributes by including not only primary 
but also secondary technologies in the analysis of residential heating. Paper IV also discusses a 
question of internalising health damage costs of air pollution in private consumer’s optimisation. 
Possible health damage costs due to outdoor and indoor air pollution by woodstoves can be 
regarded as internal for private consumers. When the health costs are internalised in the 
optimisation, heat generation in primary technologies increases and replaces woodstove use. 
Implementation of heat savings increases only marginally. 
In order to reflect the situation of private consumer investments in heating technologies in a more 
comprehensive way, a fixed share of investment costs of different heating technologies is 
identified and implemented in the heating optimisation model. In that way, only a variable share 
of technology costs, which depends on the heat demand in a building, can be reduced when heat 
savings are implemented. For instance, a considerable share of wood pellet boiler costs is fixed 
and cannot be reduced by heat savings. This and low wood pellet prices can explain low heat 
savings penetration. Furthermore, principal-agent problem is also reflected in the developed 
optimisation model. Owned and rented dwellings are distinguished. A shorter investment time 
horizon is assumed for consumers, who rent their dwelling. Consequently, heat saving measures 
are less profitable for this group of consumers and 2-3 times less heat savings are implemented, 
when compared with owner-inhabited houses. 
Another aspect, not often analysed in the existing studies, namely rebound effect, has been 
calculated and discussed in Paper IV. The results show that on average it can be expected that 
around 85 % of implemented heat savings result in heat demand reduction. At the same time, 
switch to cheaper fuels and technologies could theoretically increase heat consumption by 
approximately 13 %. 
Finally, analysis of investment decisions of private heat consumers with individual heating shows 
that different technologies are optimal from socio-economic and private house owner’s 
perspective. The conclusions in Papers II and III and other socio-economic energy system 
studies, as well as optimisation with socioeconomic parameters in Paper IV, indicate that heat 
pumps are cost-efficient individual heat generation technologies. At the same time, results of 
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optimisation from the private consumer perspective show that wood pellet boilers are the most 
profitable technologies for house owners. Thus, a conclusion can be drawn that the current 
taxation of energy consumption for heating in Denmark does not support technologies, which are 
cost-effective in the future energy system from the socioeconomic point of view. 
6.2 Discussion 
Energy system modelling in this thesis is based on optimisation methods. The heat and power 
optimisation model Balmorel, used in the PhD study, is developed to find the solution for 
covering heat and electricity demand, which minimises total system costs. Constraints, regarding 
available energy resources, technology capacities and operation etc., are included in the model 
along with technical, environmental and economic parameters for energy plants and fuels. 
Balmorel optimises both, investments and operation of the energy system. The consumer decision 
model, developed in Paper IV optimises private investment decisions for least-cost heating of 
buildings. Thus, when heat savings investment options are included in both models, the optimal 
level of heat demand reduction is determined together with optimal heat generation decisions.  
A different type of energy system modelling is based on simulation. In general, simulation tools 
simulate the operation of given technologies and energy systems. Consequently, the main 
difference between the optimisation and simulation models is in the way investment decisions are 
made. In case of optimisation, both, investments and operation decisions are made endogenously 
in a model (such as Balmorel). While in simulation modelling only operation of technologies is 
determined endogenously. Investment decisions are performed manually and possibly optimised 
through several iterations. Consequently, implementation of heat savings is also determined 
outside a model when a simulation tool is used. Thus, using simulation models, effects of heat 
savings on a given energy system can be evaluated. The effects would include primary energy 
savings, air pollution reductions, decrease in energy supply costs etc. Hence, cost-effectiveness of 
heat savings can be assessed after simulation, by comparing reduced energy supply costs and 
required heat saving investments. In an optimisation model, cost effectiveness of different heat 
saving measures is evaluated endogenously, when the heat saving options are included in the 
model.  
In optimisation modelling the resulting composition of an energy system (e.g. variety of 
technologies or heat saving measures) depends on a number of different energy generation or 
saving options, included in the model, and on the assumed technical and economic 
characteristics. Thus, usually a large number of different energy technologies and other options 
have to be described and modelled. The number and variety of e.g. different energy technologies, 
included in an optimisation model, and their availability and other constraints of technology use 
are exogenously determined. When minimising energy system costs in an optimisation model, 
least-cost options would be chosen. The results of optimisation models tend to be dominated by 
few optimal choices regarding e.g. fuels and technologies used and energy saving measures 
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implemented*. Therefore, optimisation results have to be treated carefully and weighted against 
other factors, not quantified in the model, such as practical feasibility of implementing the chosen 
option along with other institutional and organisational aspects. Such factors are usually 
implicitly or explicitly accounted for when using energy system simulation tools.  
Marginal differences in, for instance, efficiency or cost assumptions can lead to large shifts in the 
optimal solution for an energy system. Therefore sensitivity analysis regarding technology 
availability is important, when using optimisation modelling as well as sensitivity to exogenous 
fuel price assumptions. In this thesis sensitivity analysis is performed by varying different input 
parameters, such as fuel prices, externality costs, lifetime of heat saving measures (and thus 
costs) and energy resource potentials. Furthermore, alternative solutions can also be investigated 
by, for example, excluding the (technology) option, which dominates optimal solution, from a 
model run (as it has been done in Paper II).   
Both, optimisation and simulation tools can be used to perform scenario modelling, when several 
years are analysed and combined into a long-term scenario. Nonetheless, with a simulation model 
a good timing for heat savings could be identified and compared with actual possibilities to 
implement the savings in a simpler and faster way, than with a detailed energy system 
optimisation model. Optimisation methodology is, on the other hand, suitable for identifying an 
optimal (in this PhD study – least cost) balance between heat generation and heat savings under 
different assumptions and when a large variety of alternative heat and electricity generation 
options are available. The optimisation results are in this thesis used to analyse causal relations 
between heat saving measures and heat and power generation system under different resource and 
technology costs and availability, as well as externality costs. 
The heat and power system is optimised for one year at a time in Balmorel. Investment decisions, 
made in the model, are based on the prices and other parameters (fuel efficiencies and existing 
generation capacities), available for that year. Hence, investments are only with certainty cost-
effective if conditions remain the same over the entire investment horizon. Taking into account 
the long lifetime of energy technology or heat saving investments, such simplification brings 
uncertainty into decisions, made by the model. Uncertainties regarding future dynamics in fuel 
prices, technology costs and efficiencies and other factors are not accounted for in Balmorel. 
Other dynamic optimisation models take these perspectives into account, but this is excluded 
from the present version of Balmorel. Thus, an optimal solution in the model, used in this thesis, 
might underestimate costs of the e.g. chosen energy generation technologies and fuels, with 
regards to the possible future fuel price increase.  
Furthermore, in the real world energy plants are built in discrete sizes of certain capacities. 
However, in the models, used in this thesis, technology capacities can obtain different values – no 
scale requirements are included in the calculations. Such simplification yields a simpler and 
faster model-solving, while at the same time too optimistic results are obtained. For heat saving 
                                                 
*
 But this clearly depends on a number of constraints in a model  
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investments, different building sizes have not been included in the models. On the other hand, the 
optimisation models invest in all available cost-effective potential of a certain heat saving 
measure in a heating area. This means that all buildings in that particular area implement a 
specific heat saving measure. Investment costs in energy plants usually include a fixed share, 
which does not change if capacity increases or decreases within a certain range. This aspect is not 
accounted for in Balmorel and investment costs vary proportionally with peak load capacity. As a 
result, effect (and thus cost-effectiveness) of implemented heat savings might be overestimated in 
the Balmorel model. In the optimisation model for dwellings, not connected to district heating 
systems, in Paper IV the fixed and variable shares of investment costs in individual heating 
technologies are distinguished and accounted for in optimisation. As a result, when technology 
with a high share of fixed capital cost and low fuel prices is used, only a small share of heat 
savings is cost-effective.  
The PhD thesis has also focused on health-related externalities of air pollution from energy 
generation. Paper I has concluded that location of energy plants with respect to dominating 
weather conditions, other emission sources and densely populated areas is important for health 
effects of released air pollutants. However, different health externality costs of pollutants, 
released at different locations, are not available for Denmark, besides some simulations for a 
couple of specific plants. Therefore, the variation in externality costs has been obtained by 
applying spatial variation of health costs due to pollutant release from the Spanish energy sector. 
Such assumption clearly leads to artificial variation of external health costs, internalised in the 
Balmorel model, and brings uncertainty to the results. Therefore, for future analysis it is 
important to calculate the real spatial variation of health-related externalities of the Danish energy 
sector. 
The release of classical air pollutants from energy generation (SO2, NOx and PM2.5), which cause 
damage to human health, is today caused by combustion of fossil fuels and biomass. However, if 
the future energy systems will rely solely on renewable energy resources, fossil fuel-related 
externalities will be eliminated. Fossil fuel-based generation will be replaced by increased 
utilisation of wind, wave, solar and biomass energy. Taking into account that biomass resources 
are limited, a considerable share of energy demand will be produced by the pollution-free 
technologies. Thus, it can be expected that release of SO2, NOx and PM2.5 from energy sector will 
decrease considerably. Significant changes in emissions are likely to cause non-linearity in 
resulting air pollution concentrations due to changes in atmospheric chemical reactions. 
Furthermore, if air pollution concentrations decrease considerably, exposure-response functions 
might also need to be modified due to possible non-linearity in these relations. This is particularly 
relevant if the majority or all polluting sectors in the economy would shift to renewable energy 
resources. Thus, health-related externalities, internalised in the 100 % renewable heat and power 
system analysed in Paper III are most likely overestimated, since they are based on air pollution 
of the energy system of today with a mix of fossil and renewable energy resources. 
184 
 
The modelling of heat savings in buildings and internalisation of health externalities of energy 
generation has been performed with focus on the Danish heat and power sector. Nevertheless, the 
developed methodology as well as Balmorel model and extensions, implemented in this PhD 
work, can also be used for analysis in other countries. The aggregation level and choice of 
technologies and heat saving measures is flexible in the model. Conclusions of the analyses, 
based on the Balmorel model can be particularly useful for countries with large share of district 
heating and cogeneration technologies. While for countries with dominating individual heating, 
analysis of private consumer investment decisions in Paper IV would be more relevant. 
6.3 Further research  
The research and results of this PhD study has raised a number of interesting questions for future 
research.  
The transport sector also contributes considerably to health damage costs due to air pollution. 
Therefore, analysis of options to reduce air pollution from transport is important and interesting. 
Transport is also interesting in relation to the future heat and power system, particularly with 
focus on electric vehicles, which could eliminate air pollution from transport.  
Further analysis of heat savings in buildings includes a number of interesting issues.  Developing 
a pathway for implementing cost-effective heat savings up to, for instance, year 2050, together 
with developments in the heat and power system is seen as an important task. This should also 
include a further analysis of heat saving costs – especially further comparison of full and 
marginal costs of different heat saving measures. Electricity savings have not been analysed in 
the PhD study and is an obvious topic for further research. 
Another interesting topic is endogenous analysis of trade-off between district heating network 
expansion and heat savings implementation. This is especially interesting due to a number of 
mechanisms, which have different effects on cost-effectiveness of heat savings and district 
heating networks. 
Finally, the analysis of private consumer investment decisions could be expanded with buildings, 
connected to district heating systems. It would be interesting to analyse incentives to implement 
heat savings with different district heating pricing structures by separate district heating 
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Appendix C Heat transfer coefficients 
Heat transfer coefficients (uelm,  W/ K·m2) of different building elements for different type of buildings 
Building types Construction period Wall Floor Roof Windows 
Farmhouses 
<1930 0.9 0.8 0.6 3.0 
1930-1950 0.8 1.1 0.6 2.8 
1951-1960 0.8 1.0 0.5 2.7 
1961-1972 0.5 0.5 0.4 2.7 
1973-1978 0.4 0.3 0.2 2.4 
1979-1998 0.3 0.3 0.2 2.0 
>1998 0.4 0.2 0.2 1.3 
Detached houses 
<1930 0.9 0.9 0.5 3.1 
1930-1950 0.8 1.0 0.5 3.1 
1951-1960 0.9 0.9 0.4 3.2 
1961-1972 0.6 0.5 0.3 3.0 
1973-1978 0.4 0.4 0.2 2.6 
1979-1998 0.3 0.3 0.2 2.1 
>1998 0.3 0.2 0.1 1.5 
Non-detached 
houses 
<1930 0.9 0.9 0.5 2.7 
1930-1950 0.9 0.9 0.5 2.7 
1951-1960 0.8 0.7 0.4 2.7 
1961-1972 0.6 0.5 0.3 2.7 
1973-1978 0.4 0.4 0.3 2.4 
1979-1998 0.3 0.3 0.2 2.1 
>1998 0.3 0.2 0.1 1.7 
Multi-storey 
buildings 
<1930 1.0 0.9 0.6 2.8 
1930-1950 1.0 1.1 0.6 2.8 
1951-1960 0.8 0.8 0.4 3.0 
1961-1972 0.8 0.5 0.3 2.0 
1973-1978 0.3 0.3 0.2 1.8 
1979-1998 0.3 0.2 0.1 1.7 
>1998 0.3 0.2 0.1 1.3 
Office/public 
buildings 
<1930 1.0 0.6 0.4 2.6 
1930-1950 1.2 0.5 0.3 2.6 
1951-1960 1.1 0.5 0.3 2.5 
1961-1972 0.7 0.4 0.4 2.6 
1973-1978 0.5 0.6 0.3 2.5 
1979-1998 0.4 0.6 0.3 2.5 






Appendix D Area relations between element area and heated 
area 
Area relations (felm=/	) between building element area and heated area 
Building type 
Construction 
period Wall Floor Roof Windows 
Farmhouses 
<1930 0.7 0.82 0.82 0.22 
1930-1950 0.7 0.82 0.82 0.22 
1951-1960 0.7 0.82 0.82 0.22 
1961-1972 0.7 0.82 0.82 0.22 
1973-1978 0.7 0.82 0.82 0.22 
1979-1998 0.7 0.82 0.82 0.22 
>1998 0.7 0.82 0.82 0.22 
Detached house 
<1930 0.7 0.82 0.82 0.22 
1930-1950 0.7 0.82 0.82 0.22 
1951-1960 0.7 0.82 0.82 0.22 
1961-1972 0.7 0.82 0.82 0.22 
1973-1978 0.7 0.82 0.82 0.22 
1979-1998 0.7 0.82 0.82 0.22 
>1998 0.7 0.82 0.82 0.22 
Non-detached house 
<1930 0.7 0.6 0.6 0.22 
1930-1950 0.7 0.6 0.6 0.22 
1951-1960 0.7 0.6 0.6 0.22 
1961-1972 0.7 0.6 0.6 0.22 
1973-1978 0.7 0.6 0.6 0.22 
1979-1998 0.7 0.6 0.6 0.22 
>1998 0.7 0.6 0.6 0.22 
Multi-storey 
buildings 
<1930 0.64 0.36 0.4 0.2 
1930-1950 0.56 0.35 0.38 0.21 
1951-1960 0.55 0.33 0.36 0.22 
1961-1972 0.57 0.33 0.34 0.21 
1973-1978 0.52 0.4 0.4 0.21 
1979-1998 0.59 0.44 0.46 0.19 
>1998 0.59 0.44 0.46 0.19 
Office/public 
building 
<1930 0.64 0.36 0.4 0.2 
1930-1950 0.56 0.35 0.38 0.21 
1951-1960 0.55 0.33 0.36 0.22 
1961-1972 0.57 0.33 0.34 0.21 
1973-1978 0.52 0.4 0.4 0.21 
1979-1998 0.59 0.44 0.46 0.19 




Appendix E Existing insulation levels 
Assumed existing insulation levels (thickness d, mm) of walls, floors and roofs in existing buildings 
Building type Construction period Wall Floor Roof 
Farmhouses 
<1930 50 0 50 
1930-1950 50 0 50 
1951-1960 50 0 50 
1961-1972 75 50 75 
1973-1978 100 50 100 
1979-1998 100 100 100 
>1998 100 150 100 
Detached house 
<1930 50 0 50 
1930-1950 50 0 50 
1951-1960 50 0 50 
1961-1972 50 50 50 
1973-1978 75 50 75 
1979-1998 100 100 100 
>1998 100 150 100 
Non-detached house 
<1930 50 0 50 
1930-1950 50 0 50 
1951-1960 50 0 50 
1961-1972 75 50 75 
1973-1978 75 50 75 
1979-1998 100 100 100 
>1998 100 150 100 
Multi-storey buildings 
<1930 50 0 50 
1930-1950 50 0 50 
1951-1960 50 0 50 
1961-1972 50 50 50 
1973-1978 100 100 100 
1979-1998 100 150 100 
>1998 100 150 100 
Office/public building 
<1930 50 50 50 
1930-1950 50 50 50 
1951-1960 50 50 50 
1961-1972 50 50 50 
1973-1978 75 50 75 
1979-1998 100 50 100 
>1998 100 100 100 
 
 
 
 
